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PREFACE. 



^ TN the following account of the phenomena of Solution 

/ -^ and Electrolysis an attempt has been made to separate 

the description of the facts of the subject, and of the 
necessary theoretical consequences of those facts, from the 
consideration of the hjrpotheses which have been framed in 
order to explain them. It would be inconvenient, how- 
ever, to adhere strictly to such a plan. Many experimental 
investigations, which have been undertaken by the light 
of the dissociation theory, would, although they may be 
explicable in other ways, have merely bewildered the 
reader, had he no working hypothesis to guide him through 
the maze of their detail. For an account of many such 
investigations the last chapter, which deals with theories 
of Electrolysis, must, therefore, be consulted. Neverthe- 
less, the broad experimental outlines of the subject are 
sketched in the earlier part of the book, and theoretical 
ideas, except those which necessarily follow from the facts, 
are only provisionally introduced. 

A considerable part of the matter of the first six chap- 
ters has been taken from the second edition of Professor 
Ostwald's Lehrbuch der Allgemeinen Ghemie, the portion 
of which dealing with solutions has been translated into 
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English by Mr Pattison Muir. For a fuller account of the 
developments of the dissociation theory, the reader must 
be referred to the second volume of that Lehrhuch, and to 
Professor Nemst's Theoretiscke Chemie, an English trans- 
lation of which, by Professor C. S. Palmer, has just 
appeared. 

A complete description of all work on electrolysis, 
which appeared previously to 1883, will be found in 
Wiedemann's Electridtdt, and useful summaries appear 
in the Reports of the British Association for the years 
1886, 1886, 1887 and 1890. 

Those wishing to consult the original papers will find 
references to them in the following pages. In order to 
give clearness to chronological ideas, the date of each 
paper is given. 

A valuable collection of data on the conductivities 
and migration constants of solutions was made by the 
Rev. T. C. Fitzpatrick, and published by the British 
Association in 1893. By the kind permission of the 
author and of the Council of the British Association, I 
have been allowed to reprint these tables as an appendix 
to this book. 

My best thanks are due to Mr R. T. Glazebrook and 
Mr J. W. Capstick for their kindness in reading the 
proofs, and for the many valuable criticisms and sugges- 
tions they have made. 

Trinity College, Cambridqe. 
May 22, 1895. 
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CHAPTER I. 



INTRODUCTION. 



1. Propertieg of Solution. When common salt 
is placed in water, the crystals slowly disappear, and a 
solution of the salt in water is formed. The presence 
of the salt can easily be recognised by taste, and it 
can be regained in the solid form if the water is boiled 
away. In presence of the solvent, water, the cohesion of 
the molecules of salt in the crystals is in some way 
overcome, and they are able to form part of a perfectly 
homogeneous liquid. Let us study the changes which 
go on in such a case a little more closely. If we take 
a large mass of salt and add only a little water, after 
a time no more solid disappears. We now have what is 
called a saturated solution. If we apply heat, however, we 
shall find that as the temperature increases, the water is 
able to dissolve more salt (very little more of the par- 
ticular substance we have chosen, but of some things much 
more) — thus the solubility depends on temperature. Now 
let the solution cool. Little crystals form in the liquid 
till, when the temperature has fallen to the point at which 
we began, exactly the same amount of salt as at first is 

w. s. 1 
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dissolved in the water. For each temperature there is a 
fixed and definite amount of salt in the same volume of a 
saturated solution, however that solution is prepared. It 
will be convenient to represent this on a diagram. Let 
us divide OX, the horizontal axis of our figure, into 100 
equal lengths to represent degrees on the Centigrade ther- 
mometric scale, and OY the vertical axis into 100 equal 
lengths to represent the parts by weight of salt which will 




lb*" 20° so** 40** 60** 60° 

Fig. 1. 
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dissolve in 100 parts of water. Let us then make a series 
of measurements at intervals of 10 degrees of the mass of 
salt in a solution saturated at each temperature. Suppose 
we find that at lO'' Cent. 35*7 grammes of salt are 
dissolved in 100 grammes of water. From the point 
marked 10° in the line OX let us draw a straight line 
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vertically upwards, and from the point corresponding to 
35*7 in OF a straight line horizontally to the right. 
These lines meet in the point P which evidently com- 
pletely expresses the amount of salt dissolved by 100 
grammes of water to form a saturated solution at 10° C. 
If we do the same at temperatures of 20°, 30°, &c. we get 
a series of points, and if these are all joined by a smooth 
line, we get what is called a " Solubility Curve" — that is a 
curve shewing the way in which the solubility of the salt 
varies with the temperature. In the figure three such 
curves are given, shewing the solubility in water of the 
three substances, sodium chloride (common salt), potassium 
chloride and potassium nitrate. It will be seen that the 
three curves *are very different. Not only are the solu- 
bilities of the three salts different at any one temperature, 
but the curve for potassium chloride, and still more that 
for potassium nitrate, is more steeply inclined than the 
curve for sodium chloride, shewing that the solubility of 
the two potassium salts increases more for a given rise 
of temperature than does that of the sodium salt. 

When we dissolve sodium chloride in water an absorp- 
tion of heat is observed. That is to say, if both salt and 
water when separate are at the temperature of the air, 
after the solution is formed its temperature is lower. On 
the other hand caustic potash gives an evolution of heat 
on dissolving and the temperature rises. During solution 
there are usually changes in volume. In all but rare cases 
contraction occurs, and the volume of the resultant 
solution is less than the sum of the volumes of the solvent 
and the substance dissolved, or solvend. 

1—2 
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The boiling point of a salt solution is higher than that 
of pure water ; and when it is remembered that a liquid 
boils when the pressure of its vapour is equal to the 
atmospheric pressure acting on it, we see at once that this 
statement is equivalent to sajring that the vapour pressure 
of water is reduced by the dissolved salt. The steam 
which comes off however is the steam of pure water and 
will be found to assume the temperature at which pure 
water boils. Thermometers are graduated by marking on 
them the places at which the mercury stands at the 
freezing point and boiling point of water. It will be now 
seen why it is necessary during the latter operation to put 
the instrument in the steam and not in the water, which 
may contain impurities and be consequently boiling at a 
temperature slightly above 100° C. — its normal boiling 
point. Closely connected with this lowering of the vapour 
pressure is the lowering of the freezing point also pro- 
duced by the substance in solution. Thus salt water does 
not freeze at a temperature low enough to solidify fresh 
water. Here again it is important to observe that the ice 
frozen out is the ice of pure water. Sometimes, par- 
ticularly if the process of freezing has been rapid, particles 
of solid salt are shut in by the ice, and therefore redissolve 
when it is melted, but they are quite distinctly separated 
from the solid ice and never crystallize out in combination 
with it. 

Many solutions are found to be good conductor of 
electricity, but in all such cases the passage of the current 
is accompanied by certain chemical changes, the dissolved 
substance being in general decomposed into two parts, one 
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of which is set free at the anode — the place at which the 
current enters the liquid — and the other appearing at 
the kathode, where it leaves. These liberated components 
often attack the solvent, and secondary chemical actions 
go on, so that the body finally liberated is not always the 
same as that primarily formed by the action of the current. 
The main body of the solution is apparently unaltered, all 
the products of decomposition appearing at the electrodes. 

In this book we shall examine in greater detail these 
and other properties of solutions, point out how far they 
can be correlated and shewn to depend on one another, 
and consider their bearing on the question of the nature 
of the process. 

2. Range of the Subject. The popular use of the 
term solution is restricted to the substances formed when 
solids dissolve in liquids, but many pairs of liquids will 
form mixtures which have properties exactly analogous to 
those described in the first section. Thus sulphuric acid 
and water are miscible together in all proportions, and the 
resultant body can be regarded either as a solution of 
sulphuric acid in water or of water in sulphuric acid. 
Many gases too are readily absorbed by liquids, and form 
solutions in which their properties are to some extent 
retained. Examples which will readily occur to everyone 
are ammonia and hydrochloric acid ; while the fact that 
fish can breathe under water shews that even atmospheric 
air is to some extent soluble in that medium. 

Many metals, such as silver and gold, will dissolve 
in the liquid metal mercury to form amalgams or 
alloys which exhibit many of the properties we have 
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described above as characteristic of solutions, and even 
alloys which are solid at ordinary temperatures, such as 
compounds of various metals with sodium or with tin, 
must be put in the same group. 

We can if we like consider mixtures of gases as 
solutions of one in the other, thus getting an ideally 
simple case, undisturbed by many factors which influence 
the properties of the more complicated structures to which 
the term solution was at first restricted. 

Ostwald defines solutions to be "homogeneous mix- 
tures which cannot be separated into their constituent 
parts by mechanical means." Unless we read more 
meaning into the word "mixtures" than it usually 
implies, this would include all chemical compounds, and, 
although no definite line can be drawn between the 
processes of solution and chemical action, such a result 
would be inconvenient for purposes of classification. 
Chemical compounds are distinguished by constancy of 
composition, and their elements unite in definite propor- 
tions. Thus water is produced when two volumes of 
hydrogen unite with one of oxygen. If a little oxygen is 
present in excess we get, not a new compound, but water 
and uncombined oxygen. In the case of solutions how- 
ever the constituents need not exist in any particular 
proportion. Thus if we have a solution of one molecule 
of sulphuric acid in three molecules of water, we can 
gradually add either sulphuric acid or water, and get 
gradual changes in the properties of the resultant liquid. 
This could of course be explained by saying that another 
definite compound was formed (say H2SO4 . 4H2O), and that 
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intermediate solutions consisted of mixtures of this with 
the original HaS04 SHjO, in the same way that we could 
prepare mixtures of water and hydric peroxide whose 
percentage composition should be anything we liked 
between that of the two oxides of hydrogen. The number 
of chemical compounds of two elements is however in 
general small, while in the case of solutions (especially of 
pairs of liquids miscible in all proportions) we should often 
have to suppose that a great many were possible. These 
considerations enable us to frame a definition which will, 
in the present stage of our knowledge, comprise exclu- 
sively those bodies we call solutions. 

Definition. Solutions are homogeneous mixtures 
which cannot he separated into their constituent parts by 
mechanical means, the proportion between the parts being 
continuously variable between certain limits^ with a corre- 
sponding continuous variation in properties. 

We shall begin by considering solutions in gases, ai\d 
then the simpler cases of solution in liquids, leaving till 
later an account of the more complicated substances 
formed by dissolving mineral salts and acids in water. 
This will prevent any attempt to treat the subject his- 
torically, for, as is so often the case, the most obvious is 
not the most simple, and much trouble was needed, and 
many misleading threads were followed, before this 
tangled skein shewed any signs of becoming unravelled. 
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3. Solutions of CkuieB in Oases. Two gases 
which do not chemically interact can alwa3rs form a 
homogeneous mixture with each other in all proportions. 
In the ideal case of two perfect gases all the properties 
of the mixture would be accurately the sum of those 
of the constituents. For instance, if the volume be kept 
constant the pressure of the mixture would be equal to 
the sum of the pressures exerted by each gas, while if the 
pressure be kept constant the resultant volume would be 
the sum of the individual volumes. In any real case these 
relations are only approximately fulfilled, the deviations 
becoming greater as the gases, either by cold or pressure, 
are brought nearer their points of liquefaction. These 
gaseous laws are obeyed by any matter existing in a 
finely divided state in which the particles are too far 
apart to exert any appreciable influence on each other 
for the greater part of the time. The physical properties 
then depend only on the number of particles and are in- 
dependent of their nature. Cases which approach this 
will be found in dilute solutions in liquids, though here 
the influence of the solvent can seldom be neglected. 
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4. Solutions of Liquids in Gases. When a 
liquid evaporates into a space already filled with a gas, 
a solution of the vapour in the gas may be supposed to 
be present. As an approximate law Dalton found that 
the quantity of vapour in a given space was finally the 
same as if the space had originally been a vacuum, so 
that the final pressure was the sum of the pressure of 
the gas and the vapour pressure of the liquid. Regnault^, 
Galitzine* and others have shewn that the vapour pressure 
of a liquid in a gas is in general less than in a vacuum, 
the deviations depending on the nature of the liquid 
and gas, as well as on their conditions of temperature, 
pressure, &c. Some of the gas may dissolve in the liquid 
and lower its vapour pressure, just as any other kind of 
dissolved matter — salt for example — would do. This 
must also be considered, as well as the forces between 
the molecules of the gas and vapour. 

5. Solutions of Solids in Oases. Some solids 
will sublime without going through a liquid condition, 
and it is probable that laws similar to those just de- 
scribed hold good in these cases. Sometimes, under the 
influence of a gas at high pressure, a solid will sublime 
at a lower temperature than that usually necessary, thus 
forming a solution of a solid in a gas. 

1 M4m. de VAcad. 26, p. 679. 
^ Dissertation, Strassburg, 1S90. 



CHAPTER III. 

SOLUTIONS IN LIQUIDS. SOLUBILITY. 

6. Solubility of Oases in Liquids. It appears 
that every gas is to some extent soluble in every liquid, 
though immense diflferences in solubility occur. When the 
amount dissolved has been great, it is generally found that 
chemical action has gone on, and the gas cannot be 
completely expelled by lowering the pressure, or increasing 
the temperature. As an example of this we may take the 
case of hydrochloric acid dissolved in water. On the 
other hand air, oxygen, hydrogen and other slightly 
soluble gases can be completely removed ; the process of 
solution seems to be purely mechanical. But even in 
these cases the solvent exerts a selective influence, the 
gases differing from each other in solubility. 

Let us examine these cases in which there seems to be 
no chemical action. The mass of a gas like oxygen which 
will dissolve in a given mass of water, is proportional to 
the pressure of the gas, or since the volume of a given 
mass of gas varies inversely as its pressure, the volume 
which goes into solution, measured under the pressure to 
which it is subject in the liquid, is the same whatever 
be the pressure. The reason of this law is at once 
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evident if we consider what the mechanism of the process 
must be. Molecules of gas must strike the surface of the 
liquid and some must be retained, either by molecular 
forces or by a process of entanglement or both. When 
the number of these becomes great, some of them will 
reach the surface from the body of the liquid with such 
an energy of motion, and under such conditions, that they 
are once more able to fly off into the gas. When the number 
so leaving the solution in any given time is equal to the 
number entering it from without, equilibrium is main- 
tained, and the solution has become saturated with the 
gas. If the pressure is reduced, the number of gaseous 
molecules striking the liquid, and therefore the number 
per second retained by it, are reduced in the same pro- 
portion, while the rate at which they leave is at first 
unchanged. The concentration of the gas in solution is 
thus gradually lowered till equilibrium is again attained, 
and the concentration bears once more its old relation to 
the external pressure. At first sight it would appear that 
the solubility of a gas should bie unaffected by an altera- 
tion of temperature, since the number of molecules im- 
pinging on the surface from within and without would be 
changed in the same proportion. But here the influence 
of the solvent comes in, and the molecular forces between 
it and the gaseous molecules are reduced by increase of 
temperature so that the solubility becomes less. It is 
found that, in general, the solution of a gas in water, even 
when the liquid is nearly saturated, is accompanied by 
an evolution of heat. From this it follows by the 
principles of thermodynamics (see p. 26), that the solu- 
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bility will decrease with rising temperature. The fact 
that heat is evolved in the solution of gases in water is of 
great interest, for the state of a substance in solution 
more nearly approaches its state when gasified than when 
either liquid or sohd, so that during the process of solution 
of a gas less change goes on in the state of physical 
aggregation than in other cases. This has been brought 
forward as evidence in favour of the view that solution is 
in all cases a chemical process, resulting in the formation 
of definite liquid hydrates^ 

7. Measurement of Solubility. In an experi- 
mental determination of solubility it is necessary to take 
precautions to ensure complete saturation, as the process 
of diffusion of matter from one portion of a liquid to 
another is very slow. Many forms of apparatus have been 
devised, the simplest being that used by Bunsen*, who 
placed a measured volume of the gas in a graduated 
tube over mercury and added a certain volume of the 
liquid. The tube was then shaken in a water bath of con- 
stant temperature, the open end being screwed against an 
india-rubber plate. By repeatedly opening the end under 
mercury and then closing it again and shaking, saturation 
was obtained, the solubility being determined by measur- 
ing the volume of gas left over, the volume of the liquid, 
and the final pressure. 

The solubility of a gas has been defined by Ostwald' 
to be the ratio of the volume of gas absorbed to the 

1 See Pickering, Watts' Dictionary of Chemistry, Art. Solution ii. 

2 Pogg, Ann. 1856, 93, p. 10. 
^ Lehrbuch der allg, Chemie, 
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volume of the absorbing liquid, at any specified tempera- 
ture and pressure, or 

Bunsen used a more complicated property, which he 
called the absorptian coefficient It is obtained from 
Ostwald's "solubility" by reducing the volume of gas 
absorbed to 0° C. at the pressure of the experiment. In 
the cases in which no chemical action occurs, we have 
seen that the volume of gas absorbed is independent of 
the pressure, so that if ^ is Bunsen's absorption coeffi- 

« 

cient, and a the coefficient of gaseous expansion 

\ = /3(l + aO. 

Bunsen and others have determined many absorption 
coefficients for water and alcohol. The following are some 
of their results ^ : 



Temp. 
15° 



Hydrogen 

In In 

Water Aloohol 

00215 00693 
0-0190 0-0673 



Oxygen 

In In 

Water Alcohol 

0489 0-2337 
00342 0-2232 



Carbon Dioxide 

Id In 

Water Alcohol 

1-797 4-330 
1002 3-199 



8. Henry's Law. The law that the mass of a gas 
dissolved is proportional to the pressure was given by 
Henry*, who established it as an approximation by a series 
of experiments on five gases at pressures varying from one 
to three atmospheres. Bunsen made more accurate ob- 
servations, both by varying the pressure in his absorpti- 

1 Bunsen, Pogg, Ann., 1855, 98, p. 10. Winkler, Berichte, 1889, 22,^ 
p. 1439. Timofejeff, Zeitschr. /. physikal Chem. 1890, 6, p. 141. 
« Phil. Trans. 1803. 
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ometer and by using a mixture of gases. If we have a 
volume of gas at atmospheric pressure, consisting of equal 
parts of two constituents, the total pressure is obviously 
due half to one and half to the other, so that, restricting 
our consideration to one gas, the pressure it exerts is half 
that of the atmosphere. In this way by using mixtures 
in which the proportion of one gas continually diminished, 
its pressure could be reduced from one atmosphere to 
zero, and it was found that the mass absorbed varied in 
the same proportion. 

In the case of such very soluble gases as ammonia, the 
phenomena are not quite so simple, though at 100° C. the 
law of Henry holds good\ If observations be made at 
lower temperatures, however, the mass of ammonia ab- 
sorbed is not proportional to the pressure, and the curve 
drawn to shew the variation of solubility with pressure 
when the temperature is kept at 0° C, shews two changes 
of curvature. Sulphur dioxide behaves like ammonia, 
the law only holding true above 40°. Hydrogen chloride 
cannot be entirely removed from solution in water either 
by reducing the pressure to zero or by boiling. If aqueous 
hydrochloric acid be distilled, its strength will either 
increase or diminish till a liquid of a certain composition 
remains, which distils over unchanged. This composition 
depends on the pressure at which the operation is carried 
on; at normal atmospheric pressure the proportion of 
hydrogen chloride is 20*24 percent., at 50 mm. of mercury 
pressure the proportion is 23*2 per cent., and at 1800 mm. 
it sinks to 18 per cent. 

1 Sims, AnnaUn, 1861, 118, p. 345. 
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Thus deviations from Henry's law are found in the 
case of gases which are near their points of liquefieu^tion, 
and therefore depart from Boyle's law, and also in cases in 
which chemical action obviously occurs. 

9. Solutions of gases in salt solutions. The 

coefficient of absorption for a gas appears to be lowered 
when a salt which does not act chemically on the gas 
is previously dissolved in the water. In general, however, 
chemical action does occur, and the gas dissolved may be 
considered to consist of two parts — one being held chemi- 
cally by the salt nearly independently of the pressure, 
and the other varying with the pressure in accordance 
with Henry's law. Good examples of this are seen when 
carbon dioxide is dissolved in a solution of sodium car- 
bonate or disodium phosphate. Solutions of similar salts 
of equivalent strength absorb nearly equal quantities of 
carbon dioxide — e,g. the sulphates of zinc and magnesium \ 
The effect of mixing another liquid with the water is 
similar to that of dissolving a salt in it — the absorption 
coefficient for a gas is reduced. This holds even with 
such substances as sulphuric acid and alcohol, which are 
themselves in the pure state as good as or better than 
pure water in absorbing power. Thus with sulphuric 
acid Setschenoff found for carbon dioxide a minimum 
absorption coefficient when the composition of the liquid 
was H2SO4.H2O. His results are as follows. 

HjSO^ H2SO4+JH2O H2S04+HaO H2S04+2HaO H2SO4+68H2O HgO 
•923 -719 -666 -705 -857 -923 

1 Setschenoff, 1876, Mima, de VAkad. Pitenb., 22, No. 6; 1889, Z,f. 
phyaikcd. Chemie, 4, p. 117. 
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These numbers shew that a mixture of sulphuric acid 
and water absorbs less carbon dioxide than either liquid 
does when pure. Similar relations are found to hold good 
for other physical properties, e.g, the electrical resistances 
and the viscosities. 

lO. Solubility of Liquids in Liquids. When we 
pass to the consideration of solutions of liquids in liquids we 
find that there are three classes into which pairs of liquids 
can be divided. Those in the first class are mutually 
soluble in all proportions ; thus mixtures of alcohol and 
water, or of water and sulphuric acid, can be prepared of 
any composition. Those in the second class are soluble 
in each other but not in all proportions ; thus water will 
dissolve about ten per cent, of ether, and ether about three 
per cent, of water, but if either substance be present in 
excess it separates out forming a definite layer. The 
third class consists of liquids which are insoluble in each 
other, but these are few, and under proper conditions every 
liquid appears to be to some extent soluble in every other 
liquid. The divisions between these classes are dependent 
on external conditions, thus liquids which are only 
partially miscible at ordinary temperatures may mix in 
all proportions when heated, and it is probable that all 
liquids approach the condition of complete miscibility as 
they approach their critical points ^ 

Measurements of the mutual solubility of liquids have 
been made by Alexejeflf", who placed weighed quantities 

^ It is stated (Watts' DicL,Axt, Solutions i.) that diethylamine and 
water, though miscible in aU proportions at low temperatures, cease to be 
so when heated. f 

2 Wied. Ann. 1886, 28, p. 305 ; Chem. Centralblatt,18d2, pp. 328, 677, 763. 
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in a sealed tube and noted the temperature at which the 
mixture became homogeneous. 

The form of the solubility curve for a pair of partially 
miscible liquids is shewn in fig. 2, in which the abscissae 
represent temperature and the ordinates percentages of 
dissolved substances in 100 parts of the solution. The 
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Fig. 2. 



curve a represents a solution of water and phenol; the 
curve h water and aniline phenolate. At low temperatures 
there are two definite states in which equilibrium is 
attained — the lower branch of the curve representing a 
solution of phenol in water, the upper branch a solution 
of water in phenol. 

11. SolubUity of SoUds in Liquids. Great differ- 
ences in solubility are presented by various substances in the 
same liquid, and bodies which are quite insoluble in one 
liquid may be readily soluble in another. No satisfactory 
explanation of these diflferences can be given, though, 

w. s. 2 
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until this is possible, the essential nature of the procjess of 
solution must be regarded as imperfectly understood. It 
has been noticed that solution is more likely to occur if 
the solvent and sol vend are chemically somewhat alike, 
than if they diflfer widely in their nature, (thus mineral 
salts and acids are in general most readily dissolved by 
water, while benzene is a more likely solvent for organic 
substances), but even in this sense no general rule can be 
framed. We must therefore be content in the present 
state of knowledge to study the phenomena of solubility 
without reference to the question of its fundamental 
nature. 

If we have a large quantity of a solid in contact with 
a small quantity of liquid, solution will go on till a certain 
saturation point is reached. The proportion between 
liquid and solid in the solution, is then independent of the 
amount of solid which is present in excess, and depends 
only on the temperature, and, to a very slight extent, on 
the pressure. If there is insufficient solid to produce 
saturation, a more dilute solution is of course formed. 
On the other hand an abnormally great amount of dissolved 
substance can be retained, if the solvent be saturated at a 
higher temperature and the clear liquid poured oflF from 
the excess of solid and slowly cooled. We then get what 
is called a Supersaturated Solution, If a small crystal of 
the dissolved substance be dropped in, precipitation at 
once occurs, and a solution saturated at the temperature 
of the experiment is left. Any crystal isomorphous with 
those of the dissolved body will produce the same effect. 
The phenomena are well seen in the case of Glauber's salt. 
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sodium sulphate, NaaS04 . lOHgO, supersaturated solutions 
of which can be obtained of such strength that the 
addition of a crystal of the salt causes the whole mass to 
solidify, and gives rise to a considerable increase of tem- 
perature. If a solution of this body be cooled to a low 
temperature, it deposits crystals whose composition is 
Na2S04 . 7HaO. If the temperature be still further lowered, 
more of these crystals appear, while if it be raised some of 
them redissolve. The solution is thus evidently saturated 
with regard to them, and a definite equilibrium is at- 
tained for each temperature. But the solution is all the 
time supersaturated with regard to Glauber s salt, and the 
introduction of a crystal of that salt will at once cause 
solidification. It is thus clear that the conditions of 
saturation involve an equilibrium between the solution 
and the solid, so that if one of these be removed the same 
conditions no longer hold. Measurements of various 
physical properties of non-saturated, saturated and super- 
saturated solutions have been made in order to find out 
whether any sudden change of properties in the liquid 
mark the point of saturation. Determinations of the 
electrical conductivity, freezing point, specific gravity, 
specific heat, heat of solution, rate of expansion, specific 
viscosity, and molecular volume, have shewn that none of 
these properties shew any abrupt change as the saturation 
point is reached and passed. There is therefore nothing 
abnormal in the state of a supersaturated solution as far 
as the liquid is concerned. This result confirms our 
conclusion that it is the absence of any solid in contact 
with the liquid that changes the conditions of equilibrium. 

2—2 
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12. Influence of pressure on the solubility 
of solids. This is very small, and accurate experimental 
determinations are very diflBcult. The djnaamical theory 
of heat indicates that the chief conditions determining the 
change of solubility with increasing pressure are the heat of 
solution of the salt in the nearly saturated solution, and the 
change in volume on solidification. The few experiments 
which have been made seem to confirm this conclusion. 

13. Influence of temperature. Many investiga- 
tions on the influence of temperature on the solubility of 
solids in liquids have been made from the time of Gay 
Lussac to the present day. The solubility is usually defined 
as the number of parts of the solid which can be dissolved 
in 100 parts of solvent. It is determined either by shaking 
up an excess of solid with the liquid till no more dissolves, 
or by dissolving at a higher temperature, and then al- 
lowing the solution to cool in contact with solid to the 
temperature at which the measurement is to be made. 
The quantity of dissolved substance is then determined 
either by evaporating and weighing the residue, or by 
chemical analysis. As a general rule solubility increases 
with temperature, though several exceptions to this rule 
are known, (e.g. calcium hydroxide, and sodium sulphate 
between the temperatures of 33° and 100°). It is im- 
possible, when studying the influence of temperature on 
solubility, to miss seeing the analogy between the solution 
of a solid in a liquid and the evaporation of a liquid into 
a closed vacuous space. Just as for every temperature 
there is a definite quantity of vapour present in the space 
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when equilibrium is reached, so there is a definite quantity 
of solid dissolved. Increase of temperature causes in the 
one case more liquid to evaporate, and in the other more 
solid to dissolve, till a new state of equilibrium is reached. 
We shall see hereafter that just as a liquid exerts a 
vapour pressure, so a solid in solution exerts a solution 
pressure which can be recognised and n^asured by means 
of certain phenomena, to which the name of osmose has 
been given. The analogy between the two processes seems 
thus very close, and this is borne out by the general 
similarity of the solubility curves to curves which shew 
the variation of vapour pressure with temperature. As 
we remarked while studying supersaturated solutions, the 
equilibrium is between the solid and the solution ; satura- 
tion occurs when the number of particles leaving the 
solid per second is equal to the number deposited by the 
solution. Any change in the nature of the solid, such as 
an alteration from the hydrated to the anhydrous form, or 
a change in the number of molecules of water in the 
hydralted molecule, upsets the equilibrium, and a new 
saturation point results. 

Thus calcium sulphate, CaS04, is more soluble in 
water in the anhydrous form than as hydrated crystalline 
gypsum, CaS04 . 2H2O. If we prepare a saturated solu- 
tion of gypsum and bring it in contact with the anhy- 
drous salt, it takes up more calcium sulphate. It thus 
becomes supersaturated with regard to gjrpsum, and 
would crystallise on the addition of a fragment of that 
substance. 

Now it can be shewn in two ways that the body which 
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exists in solution is exactly the same whether it has been 
obtained from crystalline hydrated gypsum, or from 
anhydrous calcium sulphate. Firstly, none of the curves 
shewing the variation of the different physical properties 
(see p. 19) of the solution shew any change of curvature 
as the point of saturation for gypsum is passed, so 
that no new suj)stance can have been introduced; and 
secondly, when a hydrated salt is dissolved, the water of 
hydration cannot be distinguished from the rest of the 
water by any difference in molecular volume or other 
physical property. It also follows from the densities of 
solutions and from their thermal capacities (see § 80) that 
the salt in solution affects the whole of the water together 
and equally. We are thus prevented from supposing that 
the solvent which contains as much hydrated gypsum as 
it can take up, has still the power of dissolving a cer- 
tain quantity of anhydrous salt as such, and of keeping 
hydrated and anhydrous molecules simultaneously in 
solution. This again drives us back to the view that 
saturation is an affair of the solid as well as of the liquid 
in contact with it. 

A most interesting example of these cases is found in 
the variation of the solubility of sodium sulphate with 
temperature. The solubility goes on increasing from 0° 
to 33°, but beyond that point it diminishes till a tempe- 
rature of 100° is reached. 

The explanation which was formerly given was that 
below 33° hydrated salt is present in solution, but that 
above 33° it is converted into the anhydrous state. No 
change in the physical properties of the solution can 
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however be detected, and the truth is that at 33° a change 
occurs in the solid which is in contact with the solution. 
The solubility up to 33° is that given by the equilibrium 
between a solution of sodium sulphate and the crystals 
Na2SO4.10H2O (Glauber's salt), above 33° the solubility 
is determined by the conditions of equilibrium between 
the solution of sodium sulphate and the solid anhydrous 
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substance Na5S04. The diagram (fig. 3) thus really 
consists of two distinct solubility curves, which cut each 
other at 33°. In the case of Thorium sulphate the 
hydrates are so stable that the course of both curves can 
be traced beyond their point of intersection \ 

A long series of investigations on the influence of 
temperature on solubility has been made by Etard and 
Engel^ who find that many other sulphates agree with 

1 ZeiU.f.phys. Chemie, 1890, 6, p. 198. 

s Comp. Rend. 1884-^, 98, pp. 993, 1276, 1432 ; 104, p. 1614 ; 106, 
pp. 206, 740. 
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Qlauber's salt in having maximum solubilities at definite 
temperatures, while certain calcium salts have minimum 
valuea 

If solubility be defined as the parts of salt in 100 
parts of solvtion, instead of 100 parts of solvent, each part 
of the curve generally comes out as a straight line. Thus 
the curve for copper sulphate consists of three straight 
lines which meet at 55° and 105°. 

As we have already remarked, the solubility increases 
or diminishes with rising temperature, according as heat is 
absorbed or evolved when some of the solvend dissolves in 
the nearly saturated solution, so that the thermal effect 
must change sign where maxima or minima occur in the 
solubility curve. 

The phenomena of supersaturation are now seen to be 
quite comprehensible. When a liquid is cooled in contact 
with the solid which would be deposited from it, the 
precipitation goes on as the temperature sinks, so that 
equilibrium is just maintained. If no solid be present 
however, there is no reason for precipitation to occur, as 
one of the two bodies which exist in equilibrium in the 
usual case is absent. When the molecules of the dissolved 
substance get so close together that chance aggregations 
may produce crystalline structures of considerable size, 
spontaneous crystallization may occur. The phenomena 
suggest a comparison with the formation of water-drops 
in moist air, which has been found by Aitken to require 
the presence of dust particles or other nuclei for its 
initiation. Surface tension is the cause which retaitis the 
spontaneous formation of minute water-drops in clean air 



CH. Ill] SOLUBILITT. 25 

saturated with water vapour. This gives to the drops an 
amount of potential energy proportional to their areas of 
free surface. For a given volume of water, the total 
area will be greater the smaller are the drops in which 
it is diffused. The precipitation of the excess of water 
in a mass of supersaturated air can only begin by the 
formation of very minute drops, and consequently the 
change might actually involve an increase in the total 
potential energy of the system. When this is the case 
spontaneous precipitation cannot occur, and the presence 
of nuclei is necessary. 

The same cause may prevent the formation of per- 
manent crystals by the chance aggregations of molecules 
of salt in a solution. The surface tension between solid 
and liquid may be suflBcient to increase the potential 
energy and so prevent crystallization. If this explanation 
is a true one the surface tension between solid and 
liquid should be great in those cases which readily shew 
the phenomena of supersaturation^ 

14. Analogy between solution and evaporation. 

An expression connecting the temperature variation of 
vapour pressure with the latent heat of evaporation can be 
deduced by the application of the second law of thermo- 
dynamics, which states that in any cycle the ratio of 
the work done by a reversible heat engine, to the heat 
used by it, is the same as the ratio of the range of tem- 

^ An aoconnt of the principle of minimnm potential in its application 
to solution and chemical action will be found in Liveing's " Chemical 
Equilibrium.'* 
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perature to the absolute temperature of the source of 
heat. 

Let us suppose that we have in the cylinder of our 
engine some liquid in contact with its vapour at an 
absolute temperature = T, Let it expand isothermally 
till the volume has increased by dv, owiiig to the eva- 
poration of one gram of liquid. If p is the vapour 
pressure, the work done is pdv, and the heat absorbed is 
the latent heat of vaporisation, \. Then let the vapour 
expand adiabatically till its temperature sinks to T — dT» 

The pressure will now be jp — ^dT, and if we reduce the 

volume isothermally at the new temperature to its original 

value, the work done will t>e (^ - ^ dTj dv. The balance 

of effective work done by the engine during the cycle will 

therefore be pdv '^[P'~ jm <^T) dv^ -y^dT, dv, and by 

the second law of tfiermodynamics we get 

^dTdv 
\ T 

or d^^\_ ,1. 

The general analogy between evaporation and solution 
on which stress has already been laid (see p. 20), leads us 
to apply this equation to the process of solution. In this 
case jp will represent either the solution pressure, which can 
be measured by osmosis (see Chap. IV.), or the concentration 
which is approximately proportional to it, dv is the volume 
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of solution in which one gram-molecule of the solvend is 
dissolved, and X is the heat of solution of one gram- 
molecule in the saturated solution (that is the heat 
change involved in the passage of the solution from the 
state of saturation at a temperature T — dT to the state 
of saturation at a temperature T). Since T and dv are 
both positive quantities, it follows from the equation that 
dp/dT, the rate of variation of concentration with tem- 
perature, and X, the heat of solution, must have the same 
sign, so that if the solution of a substance is attended by 
an absorption of heat the solubility increases with tempera- 
ture, if it is attended by an evolution of heat the solubility 
decreases. 

This is a special case of the general law that when 
a system is controlled by two variables depeudent on 
each other, a change in one of them produces a change 
in the other in such a direction that the change in the 
first is resisted. 

In dilute solutions we shall find that the molecules of 
the dissolved substance obey Boyle's law, that is to say 
that the solution pressure which they produce is inversely 
proportional to the volume occupied. From the usual 
equation for Boyle's law 

p X volume = RT, 

where iJ is a constant, we find that the volume is equal 

to BTjp. 

If we substitute this value for the volume dv in our 

equation 

dp_ X 

dfTdv 
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it becomes df^]Br» 

dp 1 _ X 

••■ dT^^^^'^^^RT^ ^^^' 

We can thus deduce \, the heat of solution, from the 
solubility curve, and Van 't Hoff has given a table which 
shews a good agreement with the same constant determined 
experimentally. We shall shew in Chapter IV. how to 
calculate the value of the constant B for solutions. 

jA_ calculated j^ observed 

Oxalic acid 8*2 calories 8*5 calories 

Potassium bichromate 17*3 „ 17*0 

Amylic alcohol - 3*1 „ - 2*8 

Phenol 1-2 „ 21 

Alum 21-9 „ 20-2 

Potassium chlorate 11 „ 10 

Borax 27-4 „ 25-8 

The solubility curve cannot be deduced conversely 
from the heat of solution (though its direction can), for if 
we integrate the equation we get 

-gj^ + constant (3), 

and this constant, which determines the absolute value of 
the solubility, remains unknown. 

The fact that the solubility of a body is determined by 
the properties of the solid in contact with the solution, 
suggests that when the temperature is raised above the 
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melting point of the solid, a difference in solubility may 
result. But it can easily be shewn that although a 
difference in the direction of the curve may there begin, 
at the melting point the solubility of the liquid must be 
the same as that of the solid — the two curves must 
intersect. At the melting point liquid and solid can exist 
in contact at the same temperature. If we suppose one 
to be more soluble than the other, it will tend to produce 
a stronger solution than the other can support. Matter 
will therefore continually dissolve away from the more 
soluble body and will be deposited on the less soluble, and 
since one of these is solid and the other liquid, differences 
of temperature will be produced by the heat effect in- 
volved in change of state, in a system which was originally 
at a uniform temperature throughout. This is contrary 
to experience as formulated in the second law of thermo- 
dynamics. Thus at the melting point the solubility of 
the liquid must be the same as that of the solid. The 
difference between the solid and the liquid state can be 
considered as measured by the energy required to pass 
from one to the other, Le. by the heat of fusion. This 
suggests that the angle at which the two solubility curves 
meet will be greater as the heat of fusion is greater. The 
exact relation can be deduced from the equations used 
above, and J. Walker^ has confirmed the results experi- 
mentally. 

15. Solubility of Mixtures. If water be shal^n 
with a mixture of two salts, the solution when saturated is 

1 Zeitt, /. physikal, Chemie, 1S90, 5, p. 192. 
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in general found to contain less of each substance than it 
would have done if the other had been absent, though to 
this rule there are many exceptions. 

In the case of salts which are not isomorphous and 
do not form double salts, the composition of the solu- 
tion is independent of the proportion in which the 
solids are mixed, and of the method by which the solution 
is prepared. In the case of substances which form double 
salts, if we add excess of -4 to a saturated solution of B, 
the double salt separates out till a solution is formed 
which is saturated both as regards A and the double salt, 
and is not changed by a further addition of A. The third 
case, when the salts are isomorphous and can crystallize 
together in all proportions, gives saturated solutions whose 
compositions vary continuously with the composition of 
the solid mixture. By adding successive quantities of A 
it is possible to completely displace the salt B from the 
solution. Much experimental work has been done in this 
subject by Rudolf^ and Ostwald has pointed out the 
analogy between these phenomena and the vapour pres- 
sures of mixed liquids, the three cases given above 
corresponding to the cases (i) when the liquids do not 
mix, (ii) when they are partially miscible, (iii) when they 
are miscible in all proportions. 

Nemst* has shewn that the solubility of a slightly 
soluble salt like silver acetate must be greater in pure 
water than in a solution of any other electrolyte which 
contains either silver or the acetate group. A corre- 

1 Pogg. Ann., 1873, US, pp. 466, 666. Wied, Ann., 1886, 26, p. 626. 

2 Zeits. f. physikal. Chemie, 1889, 4, 372. 
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sponding phenomenon is observed in the case of gases which, 
like the vapour of NH4SH, partially decompose. The 
partial pressures of the products of decomposition are less in 
the presence of either ammonia or sulphuretted hydrogen. 

16. Solubility in mixed liquids. If a liquid is 
added to a solution with which it is miscible, the dissolved 
substance will be to some extent precipitated if it is 
insoluble in the liquid added. Thus copper sulphate or 
sodium chloride can be precipitated from their aqueous 
solutions by the addition of alcohol. No relation can 
however be traced between the amount precipitated and 
the quantity of alcohol added. 

A dissolved body divides between two solvents in a 
constant ratio which is independent of the absolute 
concentration. This statement, which is deducible from 
the physical theory of solution, was confirmed for the 
solution of succinic acid in ether and water by Berthelot 
and Jungfleisch^ If the bodies have different molecular 
weights when dissolved in the two solvents, like benzoic 
acid in benzene and water, different laws hold good and 
these were investigated by Nemst*. 

17. Table of Solubilities. 







Solubility (parts in 100 parts 
of solvent) 


Substance 


Solvent 


At 0° 


At 20° 


At 100° 


Sodium chloride 


Water 


35-5 


36-0 


39-2 


Silver nitrate 


» 


121-9 


228-0 


1111-0 


Calcium sulphate 


» 


0-205 


0-23 


0-19 


Barium chloride 


)} 


310 


35-7 


58-8 



1 Ann, de Chimie, 1872, [4], 26, pp. 396. 408. 
^ Zeits, f. physikal. Chemiet 1891, 8, p. 110. 



CHAPTER IV. 

DIFFUSION AND OSMOTIC PRESSURE. 

18. General Principles of Difftuiion. When a 
mass of gas is placed in an empty vessel, it finally, if the 
small effects due to gravity be neglected, distributes itself 
equally throughout the volume. This at once follows from 
the molecular theory, for the particles of which the gas is 
composed are always moving about from one place to 
another. If then we suppose that an imaginaiy partition 
is placed anywhere in the gas, the number of molecules 
crossing it in one second from left to right will be pro- 
portional to the number present in unit volume (i.e. the 
concentration) on the left-hand side, and the number 
crossing from right to left proportional to the number per 
unit volume on the right. If the concentration is greater 
on one side than the other, more molecules will leave that 
side per second than enter it, and thus the concentration will 
be reduced till it is equal on both sides. A similar process 
goes on in the case of a substance dissolved in a liquid : 
uniformity of distribution is finally reached, though he|:e 
the difficulties put in the paths of the dissolved molecules 
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by the presence of the solvent, prevent their travelling 
fast, and make the process of diffusion very slow. 

In the, case of mixed gases it is found that the final 
state of distribution of one gas is not affected by the 
presence of the other. Thus the amount of aqueous 
vapour which diffuses from water into a vacuum, is 
sensibly the same as if the empty space previously con- 
tained air, though in this case the process of diffusion 
is slower. This too is obviously a necessary consequence 
of the molecular theory, for, whether the air be present or 
not, equilibrium is reached when the number of molecules 
which leave the liquid per second is equal to the number 
returning to it from the vapour. 

Collisions between the molecules are continually taking 
place, and thus the average energy of translation of each 
molecule becomes on the whole the same, though some- 
times the molecule may be travelling faster and sometimes 
slower. This must also hold good even if the molecules are 
of different kinds, as in a mass of mixed gas — the average 
energy of each is still the same. The kinetic energy being 
one-half the mass multiplied by the square of the velocity, 
it follows that light molecules must travel faster than 
heavy ones and will therefore diffuse more quickly. This 
can be shewn by the familiar experiment of filling a closed 
porous pot with air and surrounding it by an atmosphere 
of hydrogen or coal gas. The molecules of hydrogen enter 
more rapidly than the heavier ones of air go out, and a 
pressure gauge will shew that the pressure inside the pot 
becomes greater than outside. If we could in any way 
entirely prevent the air from leaving, we could get a 

w. s. 3 
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permanent increase of pressure, for the hydrogen would 
enter till its concentration was the same within as 
without. 

1 9. Osmotic Presiure. The corresponding pheno- 
menon in the case of liquids is shewn by experiments on 
what is known as osmotic pressure. Pfeffer^ shewed how 
to prepare membranes which readily allow pure water 
to pass, but are impervious to certain substances dissolved 
in it which do not act on the membrane. These semi" 
permeahle membranes are made by filling a porous pot 
with the solution of a salt such as potassium ferrocyanide, 
and surrounding the outside with another solution — 
copper sulphate for example — which gives an insoluble 
precipitate when in contact with the first. The solutions 
gradually diffuse into the walls of the cell, and form an 
insoluble membrane on the sur&ce along which they 
meet. The solutions are then washed out, and the mem- 
brane is complete. Let us place inside a pot so prepared 
a solution of some substance — cane sugar for example — 
and immerse it in pure water. The molecules of liquid 
will strike the walls of the membrane on both sides, but 
since there are both sugar and water molecules inside, 
fewer water molecules will, in a given time, hit the wall 
inside than outside. More water molecules pass in there- 
fore, than go out, and, since none of the sugar can escape, 
an internal pressure is produced which can be measured 
by any convenient gauge. The process will go on until 
the pressure due to the water is the same on both sides, 

^ OtmotUehe Untersuchungen, Leipsic, 1877. 
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and thus the excess of pressure measured is equal to that 
due to the sugar alone. The case of sugar was chosen 
because little or no contraction in volume occurs when it 
is dissolved, or when the solution is diluted, which makes 
the theory of the subject much more simple. Here, at 
all events, there is strong evidence to shew that the simple 
physical explanation we have given is enough to account 
for the phenomena. 

In most cases the osmotic pressure, as thus measured, 
will include other properties which cause a diminution in 
the potential energy of the system on dilution. There 
may be, for example, a change of volume, or chemical 
action between the solvent and the dissolved substance, 
as well as the pressure due to the motion of the molecules 
in solution. When equilibrium is obtained the potential 
energy of the whole system must have reached a 
minimum value. 

20. Application of the Gaseous Laws to Solu- 
tions. When we measure the numerical value of this 
osmotic pressure we find that, in dilute solutions, the laws 
which regulate its value are the same as those which 
govern the behaviour of gases and vapours. The im- 
portance of these results was first pointed out by Van 
^t Hoflf^ who called attention to the fact that Pfefifer*s 
measurements of the osmotic pressure of cane sugar 
proved that the pressure varied as the concentration, i,e, 
that it was inversely proportional to the volume occupied 

^ Phil, Mag., 1S88, 26, p. 81, or ZeiU.f.physikal Chemie, 1887, 1, 
p. 481. 

3—2 



36 



SOLUTION AND ELECTROLYSIS. 



[CH. IV 



by a given mass of sugar. This exactly corresponds to 
Boyle's law for gases. The following are some of Pfeflfer s 
numbers. 



1 

Percentage of sugar 


Pressure in milli- 


Pressure calculated for 


in solution 


metres of mercury 


one per cent, of sugar 


1 


538 


538 


1 


532 


532 


2 


1016 


508 


2-74 


1513 


554 


4 


2082 


521 


6 


3075 


513 


1 


535 


535 



The numbers in the last column are constant except 
for irregular experimental errors. 

In the case of gases, Boyle's law fails to represent the 
accurate relation between pressure and volume at very 
great pressures, and it also fails for solutions when the 
concentration becomes considerable. We should expect 
the law of variation to be more complicated for solutions, 
since in addition to the intermolecular forces similar to 
those brought into play in the case of gases, we shall 
here have forces between the dissolved molecules and 
the solvent. 

For dilute solutions, to which we shall at first restrict 
ourselves, the theory shews that the pressure should in- 
crease as the temperature rises; and that the variation 
should follow the laws of gases and make the pressure 
proportional to the absolute temperature. This result 
has not been fully confirmed experimentally, but Bonders 
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and Hamburger^ found that the variation in pressure due 
to temperature was independent of the nature of the 
dissolved substance. This corresponds to the fact that 
the coefficient of increase of pressure is the same for all 
gases. The method used was a comparative one, and 
shewed that solutions which were isotonic (i.e. gave equal 
osmotic pressures) at one temperature, 0°, were also isotonic 
s,t another, 34°. 

It is found that the protoplasmic contents of certain 
organic cells are surrounded by a membrane which be- 
haves like those prepared by Pfefifer in only allowing pure 
water to pass. If such a cell be placed in a concentrated 
salt solution, the more dilute cell sap parts with water 
faster than the external liquid, the contents of the cell 
contract and shrink away from the cell walls. If on the 
other hand the cell be placed in water, liquid passes in, 
and the membrane becomes stretched. By staining the 
contents of the cell and having a graduated series of 
solutions of varying strength, it is easy to find, by observa- 
tions with a microscope, what strength of solutions gives 
equilibrium with the cell sap, and is therefore isotonic 
with it. Solutions of two different substances can thus 
be prepared so that both are isotonic with the contents of 
a given kind of cell, and (assuming that two solutions 
isotonic with a third are isotonic with each other) we can 
find the respective strengths of the two salt solutions 
which give equal osmotic pressures. De Vries ^ who was 
the first to use this method, employed vegetable cells, 

^ Zeits. f. physikal, Chemief 1890, 6, p. 319. 
2 Pring8heim*8 Jahrbilcher, 1884, 14, p. 427. 
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and Donders and Hamburger in their investigation on the 
influence of temperature used blood corpuscles. 

De Vries established the most important generalisa- 
tion, that solutions of different substances containing the 
same number of gram-molecules^ in a given volume are 
isotonic. This is equivalent to saying that at equal 
pressures the solutions of all (non-electrol}i}ic) substances 
contain, in a given volume, the same number of molecules, 
which corresponds to Avogadro s law for gases. Tammann* 
confirmed this by allowing a drop of copper sulphate 
solution to fall into a solution of a ferrocyanide. A little 
membrane is at once formed round the drop, and the 
concentrations of the solutions are altered till, when this 
is done, no water enters or leaves the cell. Whether any 
such passage went on or not was determined by noticing 
if there was any change in the index of refraction of the 
liquid just outside the little cell. 

It is important to observe that in the case of solutions 
which are electrol3ijes (that is to say, which have the 
power of conveying a current of electricity and of under- 
going simultaneous chemical decomposition), the osmotic 
pressure is greater than that given by the solution of a 
non-electrol}rte containing the same number of gram- 
molecules in a given volume. Thus a table of the 
"isotonic coeflScients" of some indifferent substances 
given by De Vries is as follows, the isotonic coefficient 
being a number representing the osmotic pressure when 

^ Note — ^A "gram-moleonle" is the molecular weight of a suhstance ia 
grams. 

2 Wied. Ann. 188S, 34, p. 299. 
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that of an equimolecular solution of potassium nitrate is 

taken as 3 : 

Cane sugar 1'81 

Inverted sugar 1*88 

Glycerine 1*78 

while the coeflScients of electrol3ijic solutions are greater : 

Potassium nitrate 3*0 

Sodium nitrate 3*0 

Potassium chloride 3*0 

Potassium sulphate 3'9 

Potassium tartrate 3'99 

Magnesium chloride 4*33 

Calcium chloride 4*33 

The importance of this phenomenon we shall examine 
in detail later. 

When we pass on to the examination of the absolute 
value of the osmotic pressure, we find another striking 
relation to gaseous properties. We know that one gram of 
hydrogen or sixteen grams of oxygen, at normal atmospheric 
pressure and 0° C, occupy a volume of About 1116 litres. 
Therefore one molecular weight of a gas in grams (2 grams 
of hydrogen or 32 grams of oxygen) occupies under these 
conditions a volume of 22*32 litres, or if compressed into 
one litre would, by Boyle's law, exert a pressure of 22*32 
atmospheres. By Avogadro's law the same pressure 
would be exerted by any gas or vapour that was a con- 
siderable distance from its point of liquefaction. 

The absolute values of osmotic pressures have beeix 
found by Pfeflfer, Adie ^ and Tammann. Pfeffer found that 

1 Chem» Soc, Jour. Proc. 1891, p. S44. 
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at 6°'8 a one per cent, solution of sugar gave an osmotic 
pressure of 505 mm. of mercury. The molecular weight 
of cane sugar (CjgH„0,j) is 342. Hence a one per cent, 
solution contains ^ of a gram-molecule in one litre. A 
volume of hydrogen or of any other gas, which contained 
^ of a gram-molecule in one litre would at 6°'8 exert a 

pressure of 

10 279*8 

760 X gjg X 22-32 x -^=^ = 508 mm. of mercury. 

Thus we find that in dilute solutions of indiflFerent 
substances 

(i) The osmotic pressure is proportional to the con- 
centration, that is, inversely proportional to the volume 
occupied by a given mass (Boyle's law). 

(ii) The coefficient of variation of pressure with tem- 
perature is the same for all substances, and probably 
(though this is not fully established by experiment) the 
pressure is proportional to the absolute temperature (Gay 
Lussac's law). 

(iii) Solutions which exert the same pressures contain 
the same number of dissolved molecules in a given volume 
(Avogadro's law). 

(iv) The absolute value of the osmotic pressure of 
the solution of a non-electrolyte is the same as that of a 
gas or vapour containing the same number of molecules 
in a given volume. 

Thus we find that the osmotic pressure of dilute 
solutions obeys all the gaseous laws, and has the same 
absolute value as it would have if the dissolved substance 
were transformed into a gas at the same temperature 
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mthont change of volume. We can therefore apply to 
solutions the usual equation which expresses the relation 
between the pressure p, and the volume y, of a gas, and write 

pv = RT, 

where T denotes the absolute temperature, and R is a 
constant whose value can be found as follows. Let us 
consider a mass of gas equal to its molecular weight in 
grams at 0° C. and 760 mm. pressure. The pressure is 
76 X 13*6 X 981 = 1014 x 10* c.G.s. units, the volume, as 
we have seen on p. 39, is 22320 c.c. and the absolute 
temperature is 273°. We therefore get 

R^yn = 8*290 X 10' ergs per degree centigrade 

or dividing by the mechanical equivalent of heat (4*2 x 10') 
we get in thermal units 

R = 1*974 or nearly 2 calories per degree. 

If we define the concentration of a solution to be the 
number of gram-molecules per cubic centimetre, it is 
equal to l/v, and we can write an equation for osmotic 
pressure in the form 

p^cRT (4). 

The real cause of this remarkable relation is the same 
as that which makes the gaseous laws independent of the 
composition of the different gases. Both in gases and in 
dilute solutions the molecules are in general so far apart 
that they are nearly always out of each other's range of 
influence, and only those properties which, like the pressure, 
depend on the number and not on the nature of the mole- 
cules, are brought into prominence, while those which 
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depend on the composition of the molecule tend to disappear. 
Rroperties which depend in this way only on the number 
of the particles and not on their nature are called colligative 
properties. The reason of this importance of the colliga- 
tive properties at great dilution is at once seen if we 
remember that while properties which, like the pressure 
produced by impact, depend simply on the number of 
molecules, must be proportional to the concentration, 
properties which depend on the forces between the mole- 
cules must be proportional to the square of the concentra- 
tion; for a new molecule added not only exerts force on 
others but also allows others to exert force on it. But 
any term which is proportional to the square of a quantity 
becomes very small, compared with a term depending on 
the first power, when the quantity becomes small, so that 
the term in the expression for the osmotic pressure which 
depends on intermolecular forces must be negligible at 
great dilution, compared with the term due to the impact 
of the molecules which is proportional to the concentration- 
It would be quite possible to explain the feet that the 
variation of the osmotic pressure of solutions obeys all the 
gaseous laws, by the action of chemical forces between the 
dissolved substance and the solvent ^ but on that h3rpo- 
thesis there seems to be no particular reason why the 
osmotic pressure should assume the same absolute value as 
that which the dissolved molecules would give were they 
gasified. It is this last fact which seems to shew that in 
dilute solutions of indifferent bodies, the osmotic pressure 
is caused by molecular bombardment. The consideration 

1 See Fitzgerald, B.A. Report^ 1890, ppw 142, 328. 
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of the case of salt solutions must be deferred till we have 
described the facts of electrolysis. 

21. Application of Thennodsniamics. The 

direct determination of osmotic pressure is a veiy difficult 
process, but we shall proceed to shew that there is a 
connection between this pressure and other properties of 
solutions — their vapour pressures, and freezing points. 
This connection is independent of the particular view we 
take of the cause of osmotic pressure, and can be deduced 
simply from the principles of thermodynamics. For most 
purposes therefore it is better to make experimental 
determinations of the freezing points, and deduce the 
corresponding value of the osmotic pressures. This is 
particularly advisable in the case of strong solutions, 
which would give osmotic pressures so large that a direct 
experimental determination would offer great difficulties. 
We shall therefore leave the account of the osmotic 
pressures of strong solutions vdth the deviations from the 
gaseous laws which they shew, till we have considered the 
freezing point determinations. 

Van 't Hoff was the first to point out that the ex- 
istence of osmotic pressure, to whatever cause it may be 
due, enables the laws of thermodynamics to be applied to 
solutions. For imagine the solution of some substance to 
be enclosed in a cylinder fitted with a piston, and having 
its bottom made of a semipermeable membrane. If it be 
placed in water, the volume of liquid inside will increase 
until the pressure on the membrane is just equal to the 
osmotic pressure, when equilibrium will be attained. If 
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in this state we heat the cylinder, the osmotic pressure is 
increased, more water will enter, and the piston will rise. 
If we cool it, the osmotic pressure falls, water is squeezed 
out, and the volume inside becomes less. On the other 
hand by increasing the pressure on the piston we can force 
out water and so reduce the volume, keeping the tempera- 
ture constant, or by decreasing that pressure we can draw 
water in and make the volume greater. We have evi- 
dently a system which is in all respects analogous to a 
cylinder containing gas, and by keeping the pressure on 
the piston nearly equal to the opposing osmotic pressure, 
we can make all the above processes reversible, and obtain 
with solutions an apparatus which acts in all respects 
like Camot's perfectly reversible heat engine. 

This principle can be used to examine the relation 
between osmotic pressure and temperature. Beginning 
with the ideal machine described above in a state of 
equilibrium, let us reduce the pressure on the piston by 
an infinitely small amount, and so allow water to enter, 
and the piston to slowly rise — the temperature being kept 
constant by the addition of a quantity of heat whose 
mechanical equivalent is H. If the volume of water 
which enters is dv, and we neglect any contraction it 
may experience on mixing with the solution, the work 
done is p dv, and this must be equal to H, Let the piston 
still rise, with no further addition of heat. If the temij 

perature sinks to t^dt the pressure becomes p — ^dt 

The piston is then pushed in at this lower pressure till a 
change of volume equal to dv is produced, the heat being 
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removed so that the temperature keeps constant. Finally 
the removal of heat is stopped, and the piston is further 
pushed in till the original temperature and volume are 
regained. The work done by the engine at the higher 
temperature is as we have seen p dv, while that done rni it 

at the lower temperature is (p - 7^ ^0 ^^' ®^ ^^^^ ^^^ 
balance of available work obtained during the cycle is 

pdv -- (p — -4^ dtjdv'^-^.dtdv. 

Now by the laws of thermodynamics we know that the 
total amount of heat converted into work by a perfectly 
reversible engine, working between the temperatures t and 
t — dt, is to the amount of heat absorbed by the engine at 
the higher temperature, as the diflference in temperatures 
is to the absolute temperature t, 

hence the work done ^ H — . 
We therefore get 

H-r==p*dv, — ^ -jj.dtdv, 
t ^ t dt 

p dp 

""^ t dt' 

and by integration p=Ct (5), 

where C is the integration constant. 

Therefore the osmotic pressure of dilute solutions 
should be proportional to the absolute temperature. 

22. Diffusion through Liquidi. According to 
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the molecular theory then, diffii&ion is due to the motion 
of the molecules of the dissolved substance* through the 
liquid. These molecules have momentum, and the osmotic 
pressure measures the rate at which this momentum is 
transferred across unit area. When the osmotic pressure 
is uniform throughout, the molecules will be uniformly 
distributed, but if the pressure varies from point to point 
the concentration will not be uniform. There must thus be 
a relation between the rate of change of the concentration 
and the variation of osmotic pressure, and this has been 
investigated by W. Nemst^ and M. Planck 2. Suppose we 
have a vertical cylinder with a solution of some non- 
electroljrte in its lower part, and pure water at the top. 
The dissolved substance gradually makes its way upwards 
through the water, and, neglecting the small disturbing 
eflFect of gravity, a uniform solution will finally result. 

At a height x in the cylinder let the osmotic pressure 
be py so that if q be the area of cross section, the 
substance in the layer whose volume is qdoc, finds itself 
under the action of a force equal to — qdp, the negative 
sign being taken because the force acts in the direction in 
which the pressure decreases. If c be the concentration in 
gram-molecules per cubic centimetre, the force which in 
this layer acts on each gram-molecule is 

q dp _ 1 dp 
cqdx" c dx' 

Let k denote the force required to drive one gram- 

^ Zeits, /. phyHkal Ghemiey 1888, 2, p. 615. 
2 Wied, Ann., 1890, 40, p. 561. 
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molecule through the solution with a velocity of one 
centimetre per second ; then the velocity attained is 

ck dx' 

and if dN be the number of gram-molecules which cross 

each layer in a time dt, since the number crossing unit 

area per second is proportional to the concentration and 

to the average velocity of the individual molecules, we get 

,,^ 1 dp , 1 dp 1 

dN = f -^qcdt^TQjdt 

ckdx^ k^ dx 

If the solution is dilute, and if there is no poly- 
merisation or dissociation of molecules with change of 
concentration, we may apply equation (4) for the osmotic 
pressure, viz. p^cJRT, the value of the constant R corre- 
sponding to one gram-molecule being again taken. This 
gives 

^^—^^t^ («)• 

On the analogy between diffusion and the conduction 

of heat Fick^ supposed that the quantity of substance 

which diffused through unit area in one second was propor- 

tional to the difference of concentration between that area 

and another parallel layer indefinitely near it. This 

dc 
difference in concentration is proportional to — -r- , so that 

the quantity crossing an area ^ in a time dt is 

dN^-Dq^dt (7), 

where D is the "diffusion constant," and by comparison 

^ Pogg. Ann., 1S55, 94, p. 59. 
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RT 

with equation (6) is seen to correspond to the term -r- . 

Fick's equation was fully confirmed by the work of H. F. 
Weber^ (see p. 49), which therefore also supports the 
truth of the theory given above. 

Owing to the slowness of the diffusion, the unit of time 
generally adopted for experimental work is the day instead 
of the second, so that the observed diffusion constant K is 
given by the expression 

dc , 8640Q dK 

But from equation (6) we see that the force required 
to drive one gram-molecule through the solution with a 
velocity of one centimetre per second is 



^ dN^dx 

86400 RT 



.(9). 



K 

Thus if we know K, the diffusion constant, we can 
calculate k, the force required to produce unit velocity. 
Voigtlander gives 0*472 as the diffusion constant of formic 
acid at 0° C, and from this we can calculate that the force 
required to drive one gram-molecule (46 grams) of formia 
acid through water with a velocity of one centimetre per 
second is equal to the weight of 4340 million kilograms. 
The reason such an enormous force is needed is at once 
seen if we remember the minute size of the molecules and 

1 Wied. Ann., 1877, 2, p. 24. 



I 



CH, IV] DIFPUSION AND OSMOTIC PRESSURE. 49 

the difficulties they must meet with in struggling through 
the liquid. 

If the temperature be uniform, a solution will in the 
end become homogeneous, but if the upper layers be kept 
hotter than those below, in order that the osmotic pressure 
should be the same throughout, the concentration in the 
lower layers must become greater. This result was ex- 
perimentally established by Soret^ and the cause pointed 
out by Van 't HofiFl 

23. Experiments on Diffusion. The first to 
make a thorough investigation of diffusion without a 
separating membrane was Graham*, who covered a wide- 
mouthed bottle containing a solution with a large volume 
of water, and after some time measured the quantity of 
substance in the water. By this method Graham found 
that acids diffused about twice as quickly as normal salts, 
and that the rate of diffusion of these salts varied much 
according to their composition. Two salts together diffiised 
independently of each other, so that it was possible to 
separate the constituents of some double salts, the alums 
for example, which were decomposed by water. The 
quantity which diffused was found to be nearly pro- 
portional to the concentration of the original solution, and 
to depend largely on the temperature. 

Weber was the first to work out a satisfactory method 
of determining the absolute value of the diffusion constant 
in Fick's equation. When two plates of amalgamated 

^ Ann. Chim, Phys., 1881, 22, p. 293. 

8 Zeits.f. phyHkal Chemie, 1887, 1, p. 487. 

» Phil, Trans., 1860, pp. 1, 806 ; 1861, p. 483. 

w. s. 4 
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zinc are placed in two solutions of zinc sulphate of 
different concentrations, the solutions being in contact 
with each other, a difference of electrical potential is 
produced between the plates which is proportional to the 
difference in concentration, provided that difference is 
small. A concentrated solution of zinc sulphate was 
placed in the lower part of a cylindrical vessel, the bottom 
of which was made of an amalgamated zinc plate, and a 
dilute solution gently poured in on top of the first. The 
electromotive force between the lower zinc plate and a 
similar plate placed in the topmost layer of liquid was 
measured, and found to decrease as the difference in 
concentrations became less. If we apply Fick's law to 
this case we get an infinite series in the expression for the 
electromotive force, but if the time is long, the first term 
only is important,- and we get, if JET is the height of the 
vessel, and t the time 

E^Ae'^'^' (10). 

The following table gives the observed values of -=^ K, 
which should be constant if Fick's law holds good. 



Days 


H.^ 


4—5 


•2032 


5—6 


•2066 


'6—7 


•2045 


7 8 


•2027 


8—9 


•2027 


9—10 


•2049 


10 11 


•2049 




Mean -2042 



This complete verification of Fick's law also supports 
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the theory of diffusion given on p. 45, since that theory 
leads to a similar equation. 

FicVs law can be put into another form if we take the 
case of a very long cylinder with the concentration at 
one end remaining constant. In this case Stefan^ shewed 
that the quantity diffusing through an area q should be 



a^cq^. 



IT 



To apply this to a finite cylinder we must imagine 
that the amount which would have passed beyond the 
limiting layer, is reflected, and added to the quantity 
present in the lower layers. 

Scheffer" placed a solution underneath a volume of 
pure water and measured the quantity of substance which 
diffused upwards. The following are some of his results, 
n being the number of molecules of water in which one 
molecule of substance is dissolved. 



Substance 


Temperature 


n 


K 


Hydrochloric acid 


11 


7-2 


2-67 


)} 99 


11 


108-4 


1-84 


Nitric acid 


9 


35 


1-78 


9J- 99 


9 


426 


1-73 


Sulphuric acid 


8 


18-8 


1-07 


Acetic acid 


13-5 


84 


0-77 


Potash 


13-6 


1665 


1-66 


Ammonia 


4-5 


16 


106 


Urea 


7-5 


110 


0-81 


Mannite 


10 


220 


0-38 



1 Wien, Akad, Ber., 1879, 79, p. 161. 

* Ber., 1882-3, 15, p. 788, 16, p. 1963, and Zeits, /. pkysikal. Chemiey 
1888, 2, p. 390. 
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In general the diffusion constant was found to be 
independent of variations in the concentration, but in the 
case of hydrochloric acid it appeared to increase somewhat 
as the concentration got greater. 

Graham* and Voigtlander* found that the rate of dif- 
fusion in solid agar-agar jelly solutions was practically the 
same as in water, and as the use of these entirely gets rid of 
all disturbing effects due to shaking or convection currents, 
they have been extensively employed. Voigtlander gives 
the following for a 0*72 per cent, solution of sulphuric acid 
diffasing'into a cylinder of agar jelly, a representing the 
number of milligrams of sulphuric acid diffusing through 
a given area. The results confirm Stefan's formula. 



Time in 
minutes 


a 


760 


5 

60 

480 

2880 


0-30 
1-08 
310 
7-05 


1-04 
1-08 
109 
1-02 

.... 



The distance to which a determinate concentration 
reaches is also proportional to the square root of the time 
of diffusion. Thus the formula can be tested and the 
constants determined, by tracing the decolorisation of a 
dilute alkaline solution coloured red by phenolphthallein 
as the acid diffuses upward. The following table, due to 
Voigtlander, gives the value of the diffusion constant at 

1 Phil, Tram., 1861, p. 183. 

* Zeits.filrphynkal. Chemie, 1889, 3, p. 316. 
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0°, 20° and 40°, and, in the last two columns, the mean 
temperature coefficients from 0° to 20° and 20° to 40°. 



Substance 


^0 


D. 


^40 


«i 


«a 


Formic acid 


0-472 


0-867 


1-49 


•0228 


•0306 


Acetic „ 


0-318 


0-64 


1-04 


•0245 


•0326 


Propionic acid 


0245 


0-514 


0-882 


•0261 


•0358 


Sulphuric „ 


0-637 


1-21 


2-01 


•0236 


•033 


Hydrochloric acid 


107 


206 




•0246 




Nitric acid 


MO 


2-10 




-0226 




Potash 


1-01 


1-75 


2-36 


-0209 


•026 


Soda 


0764 


1-26 


135 


-0195 


•024 


Potassium chloride 


0786 


1-40 


2^18 


•0219 


•0279 


Sodium chloride 


0-536 


1-04 


1-71 


•0243 


•0332 


Calcium „ 


0-394 




1-40 






Barium „ 


0-525 


0-98 


1-58 


•0232 


•0306 



24. Dialsrsis. Graham observed that substances 
like tannin, albumen and gums diffused very slowly 
through water. He called such bodies colloidSy and acids, 
salts, &c. crystalloids. Membranes of bladder or parch- 
ment paper allow crystalloids to pass through them, but 
are impermeable, or only very slowly permeable to 
colloids. By this process, which is called dialysis^ a 
mixture of colloids and crystalloids can be separated. 
The results however depend on the nature of the 
membrane. The phenomena can perhaps be explained 
by the fact that colloids all possess complicated molecules 
which may be too large to pass through the pores of the 
membrane. 



CHAPTER V. 

FREEZING POINTS OF SOLUTIONS. 

35. Hiitorical. It has long been known that the 
freezing point of a salt solution, such as sea water, is 
lower than that of the water when pure, and in 1788 
Blagden^ published some observations on the subject, 
which shewed that the depression of the freezing point 
produced by dissolving a substance in water, was ap- 
proximately proportional to the quantity of substance in 
solution, except when the concentration became consider- 
able. 

Further observations were made by EttdorflF' and 
Coppet*. The latter noticed that if the lowering of the 
freezing point produced by chemically equivalent quan- 
tities of different salts was examined, it was foimd that 
the molecular lowering was nearly equal for salts of 
similar chemical constitution. 

1 Phil. Tram,, 78, p. 277. 

' Fogg, Ann,, 1861, 114 et seq, 

* Ann. Chim, Phyt,, 187}, 2. 23, 25, 26. 
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The whole subject has been fully examined by RaoultS 
who extended his observations to non-electrolytes, such as 
solutions in pure benzene, and solutions of organic com- 
pounds in water. He found that the depressions produced 
by equi-molecular quantities of diflferent substances were 
nearly of the same value. 

36. Connection with Osmotic Pressure and 
other Theoretical Considerations. Before examining 
the results of these experiments in detail, we will shew 
how the phenomena are connected with those of osmotic 
pressure. 

• It has already been noticed that the ice which freezes 
out from a salt solution is the ice of pure water. Since 
this is so, the molecules of dissolved substance, which all 
remain in solution, are compressed into a smaller space, 
and hence work has to be done in overcoming the osmotic 
pressure which tends to increase the volume. 

Let us suppose that we have a solvent whose freezing 
point is T on the absolute scale of temperature, and whose 
latent heat is X. Let some substance be dissolved in 
a large volume of it, and let the freezing point of the 
solution be r - Sr. , 

Let us force out one gram of the solvent through a 
semipermeable membrane at a temperature of y. If 
we neglect any diflference in volume between the water 
when pure and when in the solution, the quantity of work 
done will be pv, where p = the osmotic pressure and v the 
volume of the solvent forced out. Then let us abstract a 

1 ComipU rend,, 1882, 94, p. 1517, 95, pp. 188, 1030. Ann. Chim, 
Phys,, (6), 2, p. 66, (6), 28, p. 187, (6), 4, p. 401. 
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quantity of heat X (= latent heat), and so freeze the gram 
of solvent. If we then cool the sjrstem to T — ST, bring 
the ice and solution together, again thaw the ice (the water 
from which will do no external work in mixing with the 
solution), and heat to jT, we shall have performed a complete 
cycle, and can apply the usual thermodynamic relation, 
that the ratio of the work done to the heat absorbed, 
is the same as the ratio of the difference in temperature 
to the absolute temperature of the sjrstem at its hottest. 

pv_8T 

/. 8T=T^ (11). 

Let us take the case of a water solution of any body con- 
taining one gram-molecule per litre. We have seen (p. 39) 
that the osmotic pressure is the same as the dissolved 
molecules would exert in the gaseous state. It is therefore 
22-32 atmospheres, or 2232 x 76 x 13-6 x 981 c.G.S. units. 
Vy the change in volume of the solution when 1 gram of 

solvent is frozen, is - , where p is the density, which gives 

• r 

US another form of equation (11) 

8T=t£- (12). 

\p 

For water /) = 1, 7=273 and X = 79-4 calories or 
79'4<x 4*2 X 10' ergs or c.G.s. units of energy. If we 
calculate 8T with these numbers we find that the freezing 
point of water should be lowered by one gram-molecule of 
dissolved substance per litre, by 

VM C. 
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Raoult^ made many experiments on this subject and 

his results give a mean value of 

l°-86 C. 
for the same effect. 

It is easier to make a comparison with Baoult's results 
by changing the form of our equation, but the effects 
of dissolved bodies on any solvent can be calculated from 
(12) by using the values for T and X given on p. 59. 
This is the simplest expression of Van 't Hoff's theory, 
and the one which shews most clearly the connection 
between the lowering of freezing point and the osmotic 
pressure; another form however may be useful. 

In our equation (11) let us put, since dilute solutions 
obey Boyle's law, 

The expression then becomes 

hT=~ (13). 

U is a constant whose value for one gram-molecule of any 
gas or substance in dilute solution is, as we have shewn 
on p. 40, 

iJ=^ = 8-29x10' ergs, 

= 1*976 calories, 
taking Griffith's value for the mechanical equivalent of 
heat /«4194xl0^ 

The latent heat of that quantity of solvent in which 
one gram-molecule is dissolved is 

J ^ 1000/) 
n 

1 Cowpt, rend., 1882, 94, p. 1617. 
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where n represents the number of gram-molecules per 
litre. We then get 

gy^ 1-976 r 



L 

0001976 T»n 



.(14). 



\p 

In the case of water this gives Sr=l*86''n, and of 
course the value for other solvents can be deduced in a 
similar manner. 

Raoult expressed the concentrations of his solutions in 
terms of the number of gram-molecular weights of sub- 
stance dissolved in 100 grams of the solvent. From 
observations on more dilute solutions, on the assumption 
that the law of proportionality was still applicable, he 
calculated the depression of the freezing point which 
would be produced by one gram-molecule dissolved in 
100 grams of solvent. 

We can at once throw our equation (14) into a form 
in which comparison with Raoult's results for different 
solvents is easy. The volume of 100 grams of solvent is 

— . We have seen that if we dissolve one gram-molecule 

in one litre of solution, we get an osmotic pressure of 
22*3 atmospheres. If, as a first approximation, we assume 
that the density of the solution is the same as that of the 

solvent, when we dissolve the same amount in cc, we 

P 

get a pressure which is greater than that given by one 
gram-molecule per litre in the ratio of 

100 
1000 : ^^ or lOp : 1. 
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The value of R becomes lOp times greater than before 
and equation (14) assumes the form 



5,^ 000197r* ,^ l-97r« 2T' 
or = — r X lOp = 



Xp 



lOOX 100 \ 



...(15). 



The comparison between the values calculated from 

m 

this equation by Van 't Hoff, and Raoult's observed 
numbers is given below. 





T 


\ 


2212 

100\ 


dT 
(observed) 


Water 


273° 


79 


18-9 


18-5 


Acetic acid 


290 


43-2 


38-8 


38-6 


Formic acid 


281-5 


55-6 


28-4 


27-7 


Benzene 


277-9 


291 


630 


50-0 


Nitrobenzene 


278-3 


22-3 


69-5 


70-7 



The agreement between these results is sufficient to 
shew that, at all events in dilute solutions, the theory of 
Van 't HoflF, which considers the osmotic pressure to be 
the same in its nature as gaseous pressure, leads to results 
which agree with observation to a considerable degree of 
accuracy. 

Raoult stated that one molecule of a substance 
dissolved in 100 molecules of solvent always gave a 
depression of the freezing point which was approximately 
equal to 0*63, and supported this generalization by ex- 
periments on solutions in formic acid, acetic acid and 
benzene. Our theory gives no theoretical ground for such 
an assertion, but if we work out formula (15) for these 
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particular cases, we shall find that, as a matter of fact, the 
numbers all happen to be nearly what Baoult gave. 

If the molecular weight of the solvent be M, the 
quantity represented by 100 gram-molecules is M times 
that represented by 100 grams, so that the solutions 

will be only -^v as strong as those we dealt with in the 

last table. The new depression of the freezing point will 

2ya 2 7' 

therefore be not ,^^^ but tt^ttt-tm* If we divide the 

100 X 100 XJf 

figures given in the table by the molecular weights of 
the solvents we get for the depressions 

Formic acid = 0*62. 
Acetic acid = 0*65. 
Benzene = 0*68. 

The approximate constancy of these numbers is 
however a pure accident, and does not hold for other 
bodies ; thus water gives 1*05. This point has been fully 
examined experimentally by Eykman^ and the following 





Obsenred 


Van'tHoff's 
formula 


Baoult's role 


Phenol 

Naphthalene 

p-Toluidine 

Diphenylamine 

Naphthylaiuine 

Tjaiiric acid 

Palmitic acid 


74 
69 
51 
88 
78 
44 
44 


77 
69-4 
49 
98-6 
102-5 
45-2 
44-3 


58-3 
79-4 
66-3 

104-8 
88-7 

124 

158-7 



^ ZeiU, f, physikaL Chemie, 1889, 3, p. 203. 
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table shews his values of the molecular depressions as 
given by experiment, compared firstly with the numbers 
calculated from Van 't HofTs formula, and secondly with 
those deduced from Raoult's empirical rule. 

The numbers for lauric and palmitic acida seem quite 
conclusive in fevonr of Van 't Hoffi In Raoult'a general- 
ization he was misled by a purely accidental agreement of 
numbers, and he has since accepted Eykman's results and 
the accuracy of Van 't Hoff's formula. 

37. Experimental Methods. The best apparatus 
for freezing point determi- 
nations was introduced by 
Beckmann, and is represented 
in fig. 4. 

The solution to be exam- 
ined is placed in a wide test- 
tube A, which is surrounded 
by a second larger tube B to 
serve as an air jacket. This 
is placed in a vessel C, into 
which a freezing mixture can 
be introduced. There is one 
stirrer in C, and uiother, made 
of a platinum wire, in ^4, 
A delicate thermometer gradu- 
ated to hundredths of a degree, 
is also placed in A, It has a 
little reservoir at the top, into 
which some of the mercury Kg, 4, 
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can be driven, to make the instrument available for 
diflferent solvents, which freeze at different temperatures. 
It shpuld be remarked however, that for accurate work 
the days of the mercurial thermometer are numbered, 
and any delicate thermometric measurement should now 
be made with one of Callendar's platinum thermometers, 
in which the temperature is determined by observing the 
electrical resistance of a little coil of platinum wire. 
The delicacy of this instrument is very great — the 
thousandth part of a degree being easily measured — and 
its use quite gets rid of irregularities due to the sticking 
of the mercury, which is so noticeable when working with 
mercurial thermometer 

The method of using Beckmann's apparatus is this. 
A weighed quantity of the pure solvent is introduced into 
A, and its freezing point determined by placing in C some 
mixture whose temperature is just below the point to be 
reached. The tube A is then removed, and the solvent 
melted. A weighed quantity of the substance to be 
dissolved is introduced through the side tube D, and the 
tube replaced. It is better to cool it slightly below the 
temperature at which it will finally stand. This can be 
done if it be kept quite at rest. The supercooled liquid 
is then stirred by means of the platinum wire, when small 
crystals of ice form. The temperature rises to a certain 
point, and then keeps stationary. If we go on freezing 
the solution however, it will again begin to sink, for 
as the solvent is frozen out, the remaining solution gets 
stronger, and so has a lower freezing point. The highest 
of these temperatures is. therefore the one giving the 
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freezing point of the solution of the calculated concen- 
tration. 

An immense number of observations have been made 
on this subject. The first to investigate it with any 
completeness was Baoult, and some of his numbers are 
given below. These represent what he calls the molecular 
depression, that is the lowering which would be produced 
by one gram-molecule of the substance in 100 grams of 
the solvent. They are calculated from observations on 
solutions of much less concentrations than this, on the 
assumption that the law of proportionality is still 
applicable. 

SohUions in Acetic Add. 

Van 't HoflTs formula gives 38-8. 



Methyl iodide 


38-8 


Butyric acid 


37-3 


Chloroform 


38-6 


Benzoic acid 


430 


Carbon disulphide 


38-4 


Water 


33-0 


Ethylene chloride 


40-0 


Methyl alcohol 


35-7 


Nitrobenzene 


41-0 


Ethyl 


36-4 


Ether 


39-4 


Amyl „ 


39-4 


Chloral 


39-2 


Glycerine 


36-2 


Formic acid 


36-5 


Phenol 


36-2 


Sulphur dioxide 


38-5 


Stannic chloride 


41-3 



Sulphuric acid 18*6 Magnesium acetate 18*2 

Hydrochloric acid 17*2 

Solutions in Formic Acid, 

Van 't Hoff's formula gives 28-4. 

Chloroform 26-5 

Benzene 29*4 

Ether 28*2 

Aldehyde 26*1 Magnesium formate 



Potassium formate 
Arsenious chloride 



28*9 
26*6 

13*9 



Acetic acid 



26-5 
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SohUions vn Benzene. 
Van 't HoflTs formula gives 530. 



Methyl iodide 


50-4 






Chloroform 


5M 


Methyl alcohol 


25-3 


Carbon disulphide 


49-7 


Ethyl 


28-2 


Ethylene chloride 


48-6 


Amyl „ 


39-7 


Nitrobenzene 


48-0 


Phenol 


32-4 


Ether 


49-7 


Formic acid 


23-2 


Chloral 


50-3 


Acetic „ 


25-3 


Nitroglycerine 


49-9 


Benzoic „ 


25-4 


Aniline 


46-3 







Solutiona in NUrchenzene. 
Van *t Hoff's formula gives 6 9 '5. 



An examination of these tables at once shews that the 
molecular depressions produced by different substances 



Chloroform 




69-9 


Methyl alcohol 


35-4 1 


Benzene 




70-6 


Ethyl „ 


35-6 i 


Ether 




67-4 


Acetic acid 


361 


Stannous chloride 


71-4 


Benzoic „ 


37-7 






Solutiona in 


Water, 






Van 


't Hoff's formula gives 18-9. 




Methyl alcohol 


17-3 


Hydrochloric acid 


39-1 1 


Ethyl 




17-3 


Nitric acid 


35-8 i 


Glycerine 




IM 


Sulphuric acid 


38-2 1 


Cane sugar 




18-5 


Potash 


35-3 ' 


Phenol 




15-5 


Soda 


36-2 


Formic acid 




19-3 


Potassium chloride 


33-6 


Acetic „ 




190 


Sodium „ 


35-1 


Butyric „ 




18-7 


Calcium „ 


49-9 


Oxalic „ 




22-9 


Barium „ 


48-6 


Ether 




16-6 


Potassium nitrate 


30-8 


Ammonia 




19-9 


Magnesium sulphate 


19-2 


Aniline 




15-3 


Copper „ 


18-0 : 
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in the same solvent are approximately constant. Leaving 
out of consideration for the present solutions in water, we 
find that in other solvents, besides a series of normal 
compounds, the mean of whose molecular depressions 
agrees with the number deduced from Van 't Hoff's 
theory, there is in general a series of abnormal substances 
which give depressions about half the others. Since on 
Van 't HofTs theory the effect is proportional to the 
number of dissolved molecules, and independent of their 
nature, it is at once suggested, that, in these cases, the 
number of molecules is halved by aggregates of two 
ordinary molecules being formed, so that the molecular 
weight is doubled. This view is strengthened by the fact 
that some of the compounds which shew this effect (such 
for instance as the acids of the formic acid series, which 
give half values when dissolved in benzene or nitro- 
benzene) are known to form compound molecules in the 
gaseous state, and there is evidence from other sources 
(e.g. from the surface tensions) that these acids and also 
certain alcohols form polymeric molecules when liquid. 

28. Determination of Molecular Weight. It is 

evident then, that the determination of the freezing point 
of a solution gives a means of controlling the measurement 
of the molecular weight of the dissolved substance. If we ' 
do not know whether the molecular weight of a body is M 
or nM we can see which of these values we must use 
in calculating the molecular depression, in order to get 
a number nearly equal to Raoult's mean value for the 
constant. It must be noticed that we can only determine 

w. s. 5 
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the molecular weight of a body in a certain solvent, for 
the same substance may have different molecular weights 
in different solvents (as witness the alcohols in benzene 
and acetic acid) and of course these may be all different 
from its molecular weight in the gaseous state, though in 
general one of them turns out to be the same. The 
nature of the solvent may affect the state of molecular 
aggregation, just as the conditions of temperature and 
pressure affect it when the substance is a gaa The 
solvents of the benzene series seem to favour polymeri- 
sation, while formic acid and its analogues seem generally 
to produce simple molecules. 

In the case of aqueous solutions we again have two 
series, and, taken alone, we might be inclined to consider 
the higher numbers as normal, and to assign doubled 
molecular weights to those bodies which give the lower 
values. But when we work out Van 't Hoff*s formula for 
the case of water, it gives, as we have seen, a value 18'9 for 
the molecular depression. This at once shews that the 
lower numbers are the normal values, and that they can 
be explained on Van 't Hoff's theory. It is the higher 
series which requires some further explanation. Are we 
to suppose that (as in the case of certain gases at high 
temperatures) dissociation occurs, and increases the number 
of effective pressure-producing molecules, or are we to 
suppose that some new cause is brought into operation ? 
In favour of the dissociation hypothesis it may be urged 
that the numbers for such salts as KCl, NaCl, &c., — 
which can only be dissociated into two parts, never shew 
values which are much greater than double the normal, 
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while salts such as CaClj, which can be split into three, 
sometimes give a molecular depression which is about 
three times the normal value. The fuller discussion of 
this hypothesis we must defer till we are considering the 
electrical properties of solutions, but we will here state 
the most important fact that all those substances which 
give abnormally great values for the molecular depression 
of the freezing point in aqueous solution, form, when 
dissolved in water, solutions which are electrolytes. More- 
over their electrical conductivities bear a simple relation to 
the amount of dissociation which it is necessary to assume 
in order to account for the abnormal eflfect on the freezing 
point. Whatever is the cause of this abnormally great 
molecular depression, is certainly also the cause of 
electrolytic conductivity. 

29. Influence of Concentration. The account 
of the subject of freezing points given above does not 
apply to strong solutions, for Van 't Hoflf's theory only 
holds good when the dilution is so great that the effect of 
the forces between the molecules can be neglected. As 
the strength increases we get deviations from the law that 
the depression is proportional to the concentration. The 
depression coefficients of some substances increase, and 
of others decrease as concentration gets greater. The 
effect of increasing concentration on the freezing points 
of indifferent substances (i.e. non-electrolytes) has been 
studied by Beckmann* and Eykman^ They find that 

^ ZeiU* /. physikal, Chemie^ 1888, 2, p. 715. 
'^ Ibid., 1889, 4, p. 497. 

5—2 
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in almost all cases the molecular depression changes nearly 
in proportion to the concentration, and that it more usually 
increases than decreases when a greater quantity of sub- 
stance is dissolved. This makes the curves drawn between 
the concentrations as abscissae and the molecular depres- 
sions as ordinates, nearly straight lines, inclined at a small 
angle with the axis of the abscissas. In some cases the 
molecular depression decreases faster than the concentra- 
tion increases, and, at high concentrations, may even be 
reduced to half its former value. If we extend our method 
of calculating molecular weights to such solutions, it indi- 
cates that the molecular weight has doubled at the high 
concentration, so that polymerisation must have occurred. 
These cases are few ; they include such solutions as those 
of acetoxim and other oxims in benzene, and must be 
considered analogous to the case of gaseous nitrogen 
peroxide at moderate temperatures. ^ 

In general the change of molecular depression is far 
less than in these oxim solutions, and must be considered 
to be analogous to the variation from the usual laws shewn 
by gases at high pressures, rather than to a case of gaseous 
poljnnerisation. The best value for the molecular weight 
would obviously be obtained by producing the curve 
shewing the depression of the freezing point till it cut the 
axis of no concentration, and using this value in the 
calculation. It is probable that the small deviations of 
Raoult's numbers for non-electrolytes from the calculated 
values would become still smaller if this correction for 
concentration were applied to his observations. 

The variation from their ideal laws . of gases at high 
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pressures can be approximately expressed by Van der 
WaaFs formula 



[p + ^)(v-b) = RT, 



where the pressure p is increased by a term proportional 

to the molecular attraction (a) and inversely proportional 

to the square of the volume, and the volume v is diminished 

by a constant b which is equal to four times the actual 

volume occupied by the substance of the molecules 

themselves and is unaflFected by any change in pressure. 

An equation of the same nature has been developed by 

Ostwald, Bredig and Noyes, taking account of the 

molecular volumes of the solvent and of the substance 

dissolved, and of the interactions between them. In 

general these latter are very small, and on simplification 

the formula reduces to 

p(v^d)^K ..,. (16), 

where the constant d expresses a correction, for volume, 
which depends on the nature both of the solvent and of 
the substance in solution. The results deduced from this 
equation agree well with observations made by Beckmann 
on acetone dissolved in benzene, and on chloral hydrate in 
water. 

A long series of determinations of the freezing points of 
dilute solutions of inorganic and organic bodies dissolved 
in water has been made by H. C. Jones ^ His results for 
organic substances shew that in general the molecular 
depression decreases as the concentration increases till a 
certain critical concentration, at which the molecular 

^ Zeits. /. phys. Chemie, 1893, 11, pp. 110 and 529, 12, p. 623. 
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depression is a minimum, is reached, after which it begins 
to increase again as the concentration is made still greater. 
This is shewn by the annexed table for cane sugar in 
water. 



Concentration in 


Molecular 


Concentration in 


i 
Molecular 1 


gram-molecules 


depression 


gram-molecules 


depression 


per Utre 


iTjn 


per litre 


«r/n 


000234 


2-35 


0-117 


1-94 


•00467 


2-36 


•154 


1-96 


•00930 


2-29 


•203 


200 


•0292 


2-27 


-585 


2-32 


•0728 


2-08 


1-169 


2-91 


•0933 


1-99 







The kind of variation in this case is obviously the 
same as in the case of air at high pressures investigated 
by Amagat (see Tait's Properties of Matter § 200) who 
found the following results. 



Pressure in 
atmospheres 


JW 


Pressure in 
atmospheres 


pv 


1-00 
31-67 
59-53 
7303 


1-0000 
•9880 
•9815 
•9804 


94^94 
133^51 
282-29 
400-05 


-9814 

-9905 

10837 

M897 



We see by equation (11) p. 56 that hT varies as pv, so 
that it is analogous to pv ia the case of a gas. Thus the 
existence of a minimum value of the molecular depression 
of the freezing point, is exactly paralleled by the deviation 
of air from the gaseous laws. 
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The behaviour of very much stronger solutions has 
been examined by Pickering^ who finds that in such cases 
great deviations from the gaseous laws occur. The 
following table gives the molecular depression produced 
by n molecules dissolved in 100 molecules of solvent. 



Sabstance 



n = l 5 


10 


50 


100 


800 


1000 



2000 



Solvent = Water 



Methyl alcohol 
Ethyl „ 
Acetic acid 



1-05 
1-10 
1-04 



1-05 
1-06 
0-944 



1-05 
1-15 
0-865 



1-03 

0-815 

0-52 



0-825 
0-548 



Methyl alcohol 
Ethyl „ 





Solvent = 


Benzene 






0-6 
0-6 


0-31 
0-33 


0-22 
0-22 


0-077 
010 


0055 
0-076 


0-042 
0-067 


0-040 
0-044 



0-031 
0-038 



Thus in all cases the molecular depression gets less 
when the concentration is increased. This is contrary to 
Jones* result for fairly strong solutions, but if we expressed 
Pickering's numbers in gram-molecules per 100 cubic 
centimeters of solution, instead of in 100 gram-molecules 
of solvent, the value of n would be less, and that of STJn 
increased, and this difference would increase as the 
concentration increased. The densities of mixtures of 
ethyl alcohol and water are known, and if we calculate the 
molecular depression (71 = number of gram-molecules per 
100 C.C. of solution) for the mixture under the column 100 
we get 8T/n = l-38 instead of 0*548, and this is greater 
than the value when n = 1 viz. I'lO. 



1 Ckem. Soe, Jour. Tram. 1893, 63, p. 998. 



72 SOLUTION AND ELECTBOLYSIS. [CH, V 

The difference between the results obtained by measur- 
ing the concentration by the number of gram-molecules 
per litre, and measuring it by the number of gram- 
molecules to 1000 grams of solvent, is well shewn by the 
tables and diagrams given by AbeggS who has determined 
the freezing points of many concentrated solutions. A 
higher value for the molecular depression is always 
obtained by using the former method, and as the concen- 
tration increases the difference becomes very great indeed. 

30. Oryohydrates. Since the solubility of a solid 
usually increases as the temperature rises, the solution 
which is just saturated at the freezing point can retain all 
its contents at higher temperatures. If such a solution 
is cooled, it again becomes saturated when the freezing 
point is reached, and as ice is frozen out, solid must be 
deposited, because there now remains insuflScient solvent 
to keep it in solution. The ice and dissolved substance 
will therefore be deposited in the proportion in which they 
exist in solution, and since the concentration of the 
remaining liquid keeps unchanged, the temperature will 
be constant till all has solidified. The ice and salt are not 
deposited in combination, but only side by side, for they 
never form clear definite crystals, and alcohol will dissolve 
out the ice, leaving a fi^mework of solid salt. Owing 
to the constancy in the melting points and composition 
of such bodies, they have been regarded by Guthrie 
and others as definite chemical compounds. The applica- 
tion of our present knowledge of the properties of solu- 

^ ^eits, f. phyHkal Chemie, 1S9.4, 15, p. 209. 
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tions however will, as shewn above, completely explain 
their existence, without the need of such an assumption. 

31. Melting points of Alloys. If metals are 
dissolved in mercury, they produce depression of the 
melting point, just as bodies dissolved in water produce 
depression of the freezing point. Tammann examined 
solutions of potassium, sodium, thallium and zinc, and 
found Kaoult's laws approximately true. These metals 
seem to form monatomic molecules. 

Heycock and Neville^ used sodium and tin as solvents, 
and found the following values for the atomic depressions : 

Solutions in Sodium, 



Gold 


4-50— 4-87 


Cadmium 


3-17- 


-3-92 


Thalh'um 


4-27 4-73 


Potassium 


3-34- 


-3-85 


Mercury 


4-37 4-53 

Solutione 


Indium 
in Tin, 


3-37- 


-3-77 


Silver 


2-93 


Cadmium 




2-43 


Gold 


2-93 


Mercury 




2-39 


Copper 


2-91 


Calcium 




2-40 


Sodium 


2-84 


Indium 




1-86 


Magnesium 


2-76 


Aluminium 




1-25 


Lead 


2-76 









Indium and Aluminium thus shew a tendency to form 
more complex molecules when dissolved in tin. 

The chief interest of these experiments lies in their 
influence on our views as to the nature of allojrs, which 
must now be considered as solutions of one metal in 
another. 

1 Chem. Soc, Joum, 1SS9, 1890. 



CHAPTER VI. 

VAPOUR PRESSURES OF SOLUTIONS. 

32. Theoretical Considerations. If any non- 
volatile substance be dissolved in water, it will be found 
that the boiling point is higher than that of the pure 
solvent. A liquid boils, when its vapour pressure is equal 
to the pressure of the atmosphere, and we see from the 
above statement that the effect of the dissolved substance 
is to make it necessary to heat the liquid to a higher 
temperature in order to reach such a pressure, that is to 
say, that at any given temperature the vapour pressure is 
reduced. This effect of decreasing the vapour pressure 
obeys much the same laws as those which govern the 
depression of the freezing point. The experimental diflS- 
culties of determining it are however much greater. Let 
us first examine its connection with the osmotic pressure, 
to which it must evidently be related, since the air over 
an evaporating liquid acts as a semipermeable membrane 
in allowing the solvent, but not the dissolved substance, to 
escape. A thermodynamic investigation similar to that 
applied on p. 55 to freezing points, was given by Van 't 
Hoff, but a more direct method due to Arrhenius will be 
reproduced here. 
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Suppose that & long tube, open at the top and closed 
below by a semipermeable mem- 
brane, is filled with the solution 
of some non-volatile, indifferent 
substance, and placed in an ex- 
hausted bell-jar with its lower 
end dipping in water. Water 
will enter or leave the apparatus 
till the level of solution in the 
tube LB such that the potential 
energy of the system is at a mini- 
mum value, BO that any forther 
rise would involve an increase in 
the potential energy. We may 
then say that the pressure due 
to the column of liquid is equal 
to the osmotic pressure of the 
solution, if we understand the 
term osmotic pressure to include all those properties 
which cause the potential energy of the solution to 
increase when the concentration gets greater, whether 
they are due to the movement of the dissolved molecules, 
to volume changes on dilution, to chemical action between 
the dissolved substance and solvent, or to other causes. 

If A is the height of the coiunrn of liquid in centi- 
metres, p its density, and s the density of mercury, the 
osmotic pressure when there is equiUbrium is 

F = mm. of mercury. 

The bell-jar has become filled with the vapour of the 




Fig. 5. 
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solvent, and at the level a, at which the liquid stands in 
the tube, the pressure of this atmosphere of vapour must 
be equal to the vapour pressure of the solution. If this 
were not so there could not be equilibrium, and vapour 
would continually leave the solution at a, or condense 
there; water would at the same time enter or leave 
through the membrane to compensate for this process, 
and a continuous, automatic circulation would be set up. 
Since by the principles of thermodynamics we know this 
to be impossible, the vapour pressure of the solution must 
be less than that at the surface of the pure solvent by the 
pressure due to a column of vapour of height h. If, for a 
first approximation, we assume that the density of the 
vapour is uniform throughout that column we get 

10 ha- 

TT = TT , 

8 

where ir represents the vapour pressure of the solvent, 
tt' that of the solution, and <r the density of the vapour. 

Ps 



But A = 



lOp' 



.-. 7r'=:7r-— (17), 

P 

so that the lowering of the vapour pressure is P(r/p, or 
the osmotic pressure multiplied by the density of the 
vapour under its existing pressure and divided by that 
of the solution. 

The density of the vapour may be considered to be 
proportional to the pressure, and for very dilute solutions, 
when the column h is short, we may treat the pressure as 
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everywhere equal to tt. If the density of the vapour at 
760 mm. is a*© we have 

The density of the vapour will also be inversely pro- 
portional to the absolute temperature, but since the osmotic 
pressure P is directly proportional to the same thing, the 
correction goes out, and our result will be independent 
of temperature. 
We thus get 



, Pa Pa-oTT 

TT — TT = 



p 760p ' 

IT— it' P<Tq 



(18), 



•• TT 760p 

which gives us the ratio of the decrease in the vapour 
pressure, to the vapour pressure of the solvent. 

Let us take the case of one gram-equivalent of some 
indiflferent substance dissolved in water, in such a way 
that the volume of the solution is one litre. This, as we 
have seen, gives an osmotic pressure equal to 22*3 atmo- 
spheres or 

223 X 760 mm. of mercury, 

do, the density of water vapour at normal temperature and 
pressure is 9/11160, and p, the density of the solution 
when it is dilute, can be put equal to that of water, 
viz. unity. Thus we get 

7r-7r-_ 223x760x9 _ 
~7r~ "" 760x11160 - ^ ^^^^' 
Raoult determined the decrease of vapour pressure of 
water caused by the solution of various bodies in it. He 
found that if different bodies were dissolved in the pro- 
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portion of their molecular weights, the lowering of vapour 
pressure was the same for all. For a strength of solution 
represented by 1 molecule in 100 molecules of solvent he 
found that the mean value of the ratio of the decrease 
of pressure to the whole pressure, when water was the 
solvent and indifferent bodies were dissolved, was 0*0102. 
If instead of this strength, we have one gram-molecule in 
one litre of solution or (which is the same thing for very 
dilute solutions) one litre (that is 1000 grams) of water, 
we have reduced the mass of solvent in the ratio of 
18 X 100 : 1000 (since 18 is the molecular weight of water) 
and so increased the concentration in the ratio of 10 : 18. 
The result of Raoult s experiments then is to shew that 
in a dilute solution containing one gram-molecule per litre 
the relative lowering of the vapour pressure is 

00102 X 1-8 = 00184, 
a number almost identical with that deduced from the 
osmotic pressure. 

This expression has been obtained by assuming that 
the density of the vapour in our exhausted bell-jar (see 
p. 75) is everywhere uniform. Such an assumption is only 
justified if the column of vapour of height h is very short, 
that is if the osmotic pressure, and therefore the concen- 
tration of the solution, is exceedingly small. Where this 
is not the case we must divide the height of vapour h into 
a, number of parts each equal to dh and put 

dir = — cr . dh, 
s 
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, .r_ s 760 dTT 

10 0"o TT 

By integrating from to A we get 

760 « 



A = 



'»*©• 



lOo-o 

TTo being the pressure at the level of the water, i.e. the 
vapour pressure of the pure solvent, and irh the pressure 
at the height A, i,e. the vapour pressure of the solution. 

Now A = ^*. 

This equation gives a necessary relation between the 
osmotic pressure and the lowering of the vapour pressure 
of any solution, and is quite independent of the view we 
take as to the real cause of osmotic pressure. Whatever 
the cause of it may be, we know that osmotic pressure 
exists, and it therefore follows that the vapour pressure 
must be lowered by the amount shewn in our equation. 
The value of the osmotic pressure can thus be deduced 
from observations on the diminution of the vapour pressure, 
just as it can from observations on the lowering of the 
freezing point. 

It is easy to transform our equation into a form which 
gives the concentration of the solution in terms of the 
ratio of the number of molecules of dissolved substance 
to the number of molecules of solvent, which was Raoult's 
method. The osmotic pressure P is 22*32 x 760 mm. of 
mercury for a strength of 1 gram-equivalent in 1000 cc, 
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and so for a strength of n gram-equivalents in V c.c. its 

value is 

o 22-32 X 760 n 

Now the mass of the solvent is NM, where N is the 
number of gram-molecules and M its molecular weight, 
and the volume is the mass divided by the density 

^ MN 

or Ka= , 

P 

p 22-32 X 760 x 1000 x np 

NM 

o"o the density of the vapour under normal conditions of 
temperature and pressure is 

"^^ 22-32 X 1000 ' 

assuming that the molecular weight of the vapour has the 
same value as we have taken for it in the liquid condition. 
We thus get by substituting in equation (18)— 

W — TT n 



If we treat equation (19), which gives the strict relation 
with the osmotic pressure, in the same way, assuming 
as before that P is proportional to the concentration, we 
get 

Now logg { — J can be written as 
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and since ir — ir is small compared with ir this may be 
developed in a series 

^-i(^)V - 

TT \ IT J 

All except the first term will be small, so that we may put 
as a fair approximation — 



TT— tt' n 



it' N' 
It 



N 



ir — ir n 



adding 1 to each side 

TT N + n 



TT — TT n 

IT — IT n 



(20), 



TT N+n 

which is the exact expression deduced empirically by 
Raoult from the results of his experiments. 

But this result, unlike our equation (19) on p. 79, has 
been deduced by making an assumption which is only true 
for dilute solutions, namely that the osmotic pressure is 
proportional to the concentration. It therefore gives 
results which fail to represent the truth when the concen- 
tration becomes considerable. 

Thus for solutions of turpentine in ether 

#. -0627 1377 -3055 5504 9194 1817, 

N 



'"^^ (5) * 



0619 1278 -2473 391 576 865. 



For dilute solutions however it gives good results and has 
a great advantage over the other equation, inasmuch as it 
shews that if solutions be prepared which contain the same 

w. s. 6 
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number of molecules of dissolved substance in the same 
number of molecules of solution, the relative lowering of 
the vapour pressure will be the same for all. 

Thus if we have solutions in each of which there is 
one molecule dissolved in 100 molecules of solvent, that is 
in 101 molecules of solution, 

^^^^^' = ^ =00099. 

TT 101 

Raoult first shewed that if the same number of gram- 
molecules of various indififerent substances were dissolved 
in water, or other solvents, the relative lowering of the 
vapour pressure was very nearly constant. He then took 
twelve solvents and, dissolving many bodies in each, proved 
that for a strength of solution of 1 molecule in 100 
molecules the relative lowering of pressure was nearly 
constant and equal to 00104. 

In 1890 however he shewed^ that when acetic acid 
was used as a solvent, the number obtained was 00163. 
This seems not to agree with the results of our equations, 
but in deducing them it must be remembered that (on 
p. 80) we assumed that the molecular weight of the vapour 
was the same as that which we took for the liquid. Now 
in preparing the solution the normal value of the molecular 
weight was of course assumed for the liquid, and it is 
known that at moderate temperatures the vapour density 
of acetic acid is abnormal, shewing that its molecular 
weight is also abnormal. At the boiling point US'" C, 
the ratio of the actual to the theoretical vapour density 

^ Baoult and Becoura, Compt. Retid. 1890, 110, p. 402. 
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is 1*64, which makes our theoretical number 0*0162. 
This indicates that we must always correct our theoretical 
number in this way by multiplying it by the ratio of the 
actual to the theoretical vapour density. Raoult gave 
the following numbers for six solvents — 



Solvent 


Temperature 


n 

(corrected for 
vapour densitj) 


(observed) 


Water 

Ethyl alcohol 

Ether 

Carbon bisulphide 

Benzene 

Acetic acid 


100 
78 
20 
24 
80 

118 


0-0102 
00101 
0-0103 
0-0100 
0-0101 
00162 


0-0102 
0-0101 
0-0104 
0-0099 
0-0101 
0-0163 



Thus, as in the case of the depression of the freezing 
point, we have a satisfactory theory of the lowering of 
vapour pressure for the case of dilute solutions. For 
stronger solutions variations appear, as we observed in the 
case of freezing points. There is a simple method of con- 
necting the two effects, which are evidently related since 
we have deduced both of them from the osmotic pressure. 

Suppose we have lowered the temperature of some 
pure water to its freezing point, and allowed ice to separate. 
The ice is in equilibrium with the liquid, and unless heat 
be added to or taken away from the mixture, there is no 
tendency for the quantity of ice to increase or diminish. 
It follows that the ice and the water at the freezing point 
must have the same vapour pressure, otherwise if we had 

6—2 
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ice and water in a closed vessel, vapour would pass away 
from the body with the higher pressure, and condense on 
that which had the lower pressure, and the quantity of 
ice would increase or diminish. By the same reasoning 
we can shew that at the freezing point of a solution, when 
it can exist in equilibrium with ice, its vapour pressure 
must equal that of the ice. If then we know how the 
vapour pressure of ice varies with the temperature, we can 
find what decrease of temperature is necessary to reduce 
the vapour pressure by the same amount as the dissolved 
substance decreases that of the water, and this gives the 
lowering of the freezing point. 

This shews that whatever the variations in the lowering 
of the freezing point at great concentrations, there must 
be a corresponding variation in the diminution of vapour 
pressure at the freezing point which can at once be 
calculated, but as most of the observations on vapour 
pressures have been made at higher temperatures, various 
approximate assumptions have to be made in order to 
correlate the two series of results. 

The following investigation of this connection is taken 
from OstwaJd's Lehrbuch, 

The relation between the quantity of heat \o required 
to evaporate unit mass of liquid, the vapour pressure tto, 
and the volume of the saturated vapour V, is as we have 
seen on p. 26 — 

T^ dT 
T» 4. XT- RT , \o 1 diTQ d , 
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A similar expression holds good for ice, but in this 
case the heat of evaporation, \i, is greater, for the heat 
required to melt the ice must be added to that required 
to vaporise the water. 

•• Riy dT ^'^^' 
where pi is the vapour pressure of ice ; the difference is 

\i ~~ AiQ (t 



-rT('««5)' 



But Xi — \o is the heat of fusion of ice, which has the 
value (79*04 + "49^), t denoting the temperature in degrees 
from the Centigrade zero. 

Taking the value of R which corresponds to one gram of 
water (viz. 2/18 calories per degree, see p. 41), treating T^ 
as constant in the denominator, and neglecting P we get 

log -' « -00954^. 

33. Boiling Points. It is more convenient in 
some cases to measure the boiling point of a solution than 
its vapour pressure at some other temperature. Since 
the effect of the dissolved substance is to reduce the 
vapour pressure at any given temperature, it must raise 
the boiling point, and the relation between the two is 
easily found. Let IIII be a pprtion of the vapour pressure 
curve of a solvent and Il'Il' a portion of that of a solution. 
If the solution is dilute, so that the change in the vapour 
pressure is small, we may consider the part of the curve 
for the pure solvent that we want to use to be a straight 
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line. Any vertical line cutting 11 11 in Jl and II'II' in B 
will represent the change in vapour pressure at a certain 
temperature, and CB drawn horizontally from the point B to 
cut nn in C, will represent the change in boiling point, ST, 






O 
> 




Temperatnreg 



Fig. 6. 

Now whatever be the direction and form of the solu- 
tion curve n'n', AB^CB tan ACB, 

.\ TT "w' = ST tan AGB 

= ST.^ (21). 

If we observe ST and know dir/dT for the pure solvent, we 
can at once -calculate tt — tt'. The value of dirjdT can be 
experimentally determined by measuring the boiling point 
of the solvent first when the barometer is high and then 
when it is low, and dividing the difference in pressure by 
the difference in temperature. 
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Another method of getting dirjdT is to use Clausius' 
equation which we deduced from the principles of thermo- 
dynamics on p. 26 and used on p. 84. 

dir _ \ 

dT^iV-v)!' 

where \ = latent heat, V the volume of the saturated 

vapour and v the volume of the liquid. If we assume 

that the vapour obeys the gaseous law 7rF=ijr, we get, 

since v is small, 

dir _ Xtt 



tt-tt'^ST 



RT 



2 



^ = ^^^2^ (22). 

Now for 1 gram-molecule of the vapour the value of 
R is 1*974 calories : calling this 2 we can put 

^""''' = StA (23). 



TT 2T 



From this expression the relative lowering of vapour 
pressure can be calculated jfrom observations on the rise of 
boiling point. 

In order to examine the validity of our theory, let us 
calculate ST for special cases. Baoult, assuming that the 
law of proportionality still held, found that for a strength 
of solution of 1 molecule in 100 molecules of solvent 
(tt — Tr'V-TT was equal to '01 (see p. 82), so that for this 
concentration our equation gives 
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The following table gives the calculated values of 
'02T*/\ and the mean results for the molecular rise of 
boiling point, deduced from observations on very dilute 
solutions in dififerent solvents by Beckmann's method. 







•02r* 


Solyent 


8T (observed) 


— r— (calculated) 

A 


Water 


4 to 5 


5-2 


Alcohol 


10 to 12 


11-5 


Acetone 


17 to 18 


16-7 


Ether 


21 to 22 


2M 


Carbon bisulphide 


22 to 24 


23-7 


Acetic acid 


25 


25-3 


Ethyl acetate 


25 to 26 


260 


Benzene 


25 to 27 


26-7 


Chloroform 


35 to 36 


36-6 



34. Experimental Methods. Determinations of 
the vapour pressures of solutions have been made by 
Faraday, Wullner, Tammann, Emden, Raoult, Walker, 
Beckmann, and others. Raoult^ was the first to examine 
solutions of indifferent substances, and to use solvents 
other than water. His method consisted in comparing 
the heights of three mercurial barometric columns, the 
space over one being empty, and the others containing the 
vapours from the pure solvent and from the solution 
respectively. The depressions of these columns as 
compared with the first gave the vapour pressure of the 
solvent and of the solution. Raoult foimd that 



1 C<mpt. Rend, ld86-7, 103, p. 1125; 104, p. 1430. 



CH. VI] VAPOUR PRESSURES OF SOLUTIONS. 89 

(i) The relative lowering of the vapour pressure 
(tt — 7r')/7r is independent of temperature. 

(ii) For dilute solutions (tt — 7r')/7r is proportional 
to concentration, but as the solutions get stronger it is 
more nearly represented by nl{N+n), where n and JV^ are 
the numbers of molecules of dissolved substance and of 
solvent respectively. 

(iii) The molecular lowering of vapour pressure 
(i.e. the lowering produced by 1 gram-molecule in 100 
grams of solvent) is independent of the nature of the 
dissolved substance. Thus for ethereal solutions he found 





Molecular 
weight 


Molecular 
lowering 


Carbon hexachloride 


237 


•71 


Turpentine 
Cyanic acid 
Benzaldehyde 
Aniline 


136 
43 

106 
43 


•71 
•70 
•72 
•71 


Antimony chloride 


228-5 


•67 



(iv) When the ratio of the number of molecules of 
the dissolved substance to the number of molecules of the 
solvent is made the same, the lowering of vapour pressure 
is independent of the nature of the substance and of the 
solvent. (For table see p. 83.) 

We have already seen that all these laws can be 
deduced from the theory of dilute solutions. Stronger 
solutions shew deviations in their vapour pressures as in 
their osmotic pressures and freezing points, under which 
latter heading the influence of increasing concentration 
has been discussed from the point of view of the theory. 
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There are several objections to the barometric method. 
The quantity of vapour is so small that any more volatile 
impurity in the liquid would produce a large error, and 
since evaporation only occurs at the surfece, the upper 
layers of the solution get stronger and give too small a 
vapour pressure. Beckmann* improved the method by 
allowing the solution to evaporate into a small flask. He 
then calculated the quantity of vapour produced from 
the decrease in weight of the solution, which was con- 
tained in a weighed bulb. 

A method applicable to low temperatures has been 
introduced by Ostwald and Walker*. A current of air is 
passed through two bulbs containing the solution, and is 
thus saturated with its vapour. It is then led through 
another bulb containing pure water. Since this gives a 
higher vapour pressure, the air takes up more water and 
again becomes saturated. Finally the whole of the 
aqueous vapour is extracted by passing the air through 
pumice moistened with sulphuric acid. The gain in 
weight of the sulphuric acid gives the whole quantity 
of vapour evaporated, and the loss in weight of the water 
bulb gives the difference between that furnished by it 
and that ' furnished by the solution. Thus the ratio 
(tt — w')/7r is at once found. 

Beckmann has also used the boiling point method. It 
is necessary to measure the temperature of the solution, 
and not the temperature of its vapour which is the same 
as that of the pure solvent. To prevent "bumping" a 

1 ZeiU, /. phys, Chemie, 1889, 4, p. 532. 
> Ibid., 1888, 2, p. 602. 
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piece of platinum wire is sealed through the bottom of 
the flask. Boiling then takes place exclusively from the 
end of thij9, and a constant and uniform stream of bubbles 
is given off. 

Tammann^ has measured vapour pressures at 100* by 
noticing what decrease of external pressure was required 
to make the liquid boil at that temperature. He gives 
an immense number of figures shewing the diminution 
of vapour pressure in millimetres of mercury, due to the 
solution of n gram-molecules in 1000 grams of water. We 
select a few of them to which we shall have occasion to 
refer. 





n=0-6 


1 


2 


8 


4 


5 


6 


Potassium chloride 


12-2 


24-4 


48-8 


741 


100-9 


128-5 


-162-2 


Sodium „ 


12-3 


25-2 


62-1 


80-0 


111-0 


143-0 


178-5 


Potash (KOH^ 
Aluminium chloride 


150 


29-5 


64-0 


99-2 


140-0 


181-8 


223-0 


22-5 


61-0 


179-0 


318-0 








Calcium „ 


17-0 


39-8 


95*3 


166-6 


241-6 


319-5 




Barium „ 


16-4 


36-7 


77-6 










Succinic acid 


6-2 


12-4 


24-8 


36-7 


48-5 


69-7 


71-2 


Citric „ 


7-9 


15-0 


31-8 


50-0 


71-1 


92-8 




Jjactic „ 


6-5 


12-4 


240 


34-3 


44-7 


550 


65-6 



If we calculate the theoretical depression for a con- 
centration of 0*5 gram-molecule in 1000 grams of water 
from equation (20) on p. 81 



TT — TT 
TT 



n 



N-hn 



O'o 



we get 7r — -tt' =s 760 x -r^^ — ^ = 6*8 mm. of mercury. 

^ M€m, Acad. PHenb,, 1887, 35, No. 9. Table in Ostwald*s 
Lehrbttch. 
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Thus we see that bodies like lactic and succinic acids give 
a result which agrees well with theory, while metallic 
salts are abnormal. Salts like potassium chloride^ ECl, 
give numbers nearly double the figure deduced from 
theory, calcium and barium chlorides, CaClg and BaCls, 
produce nearly three times, and aluminium chloride, 
AlClj, nearly four times the normal efifect. 

As in the case of the depression of the freezing points, 
these exceptions to the usual law are all electrolytes. It 
is also important to note that ECl contains two atoms, 
CaClj three atoms and Aids four atoms. The lowering 
of the vapour pressure by electrolytes seems then to be 
proportional to the number of atoms in the molecule. 
The discussion of these relations must be postponed for 
the present. 

35. Influence of Concentration. Tammann's 
results shew that in general the lowering of vapour 
pressure increases faster than the concentration for 
metallic salts, but appears to be nearly proportional to it 
for indifferent substances. The concentration of Tam- 
manns solutions is expressed in terms of the number 
of gram-molecular weights of salt dissolved in 1000 
grams of water. If we convert it into the number of 
gram-molecules in a litre o{ solution, the result will be to 
make the molecular lowering of vapour pressure increase 
faster as the concentration gets greater (see p. 71). 

36. Determination of Molecular Weights. Like 
the depression of the freezing point, the lowering of 
vapour pressure has been used to determine the molecular 
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weight of bodies in solution. It can be used for high tem- 
peratures, and for cases (such as for solutions in alcohol) 
when the freezing point method is not applicable. In this 
way Beckmann obtained the molecular weights of iodine, 
phosphorus and sulphur in solution. It was found that 
1*065 grams of iodine, dissolved in 3014 grams of ether, 
raised the boiling point by 0*296°. This concentration 
corresponds to (1065 x 7400)/(3014 x M) gram-molecules 
of iodine in 7400 grams (100 gram-molecules) of ether. 
Now it C€ai be proved either by experimenting with a body 
of known molecular weight, or by calculation from our 
formulae, that 1 gram-molecule of any indififerent substance, 
dissolved in 100 gram-molecules of ether, gives a change 
in the boiling point of 0*284°. The above strength of 
solution must therefore be 296/284 gram-molecules. 

1065 X 7400 _ 296 
•'• 30-14 Af ""284' 

.•.Jf= 250*3. 

The atomic weight of iodine is 127, so that in ethereal 
solution the molecule consists of two atoms. 

In a similar manner it was shewn that the molecule of 
phosphorus in carbon bisulphide contains 4 atoms, as it 
also does in the state of vapour, but that in the same 
solvent the molecule of sulphur consists of 8 atoms, 
whereas the vapour density gives a formula Se. 

The vapour pressures of amalgams have been ex- 
amined by Ramsay* who found that in nearly all cases 
the lowering of vapour pressure corresponded to that 

^ Chem, Soe. Journal Trans,, 1889, p. 521. 
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which would be produced by rponatomic molecules. The 
value deduced for the molecular weight of potassium 
however is less than its atomic weight (29*6 instead of 
39*1) and the numbers for calcium and barium (19*1 and 
75*7) correspond to half their atomic weights. What this 
means it is as yet impossible to say. Aluminium and 
antimony tend to form more complex molecules. 

37. Solutions of Oases in Liquids. We have 
already seen (p. 10) that, with reference to their solubility 
in liquids, gases can be divided into two classes: firstly 
those which are completely removed by boiling the liquid 
or decreasing the pressure, and secondly those which 
cannot be so removed. 

In the first case, where the dissolved gas obeys 
Henry's law that the mass dissolved is proportional to 
the pressure, the laws of the vapour pressure are very 
simple. Let us consider the case of a mass of air 
saturated with water vapour aver a saturated solution 
of air in water. We know that if the external pressure 
be reduced, some air will at once come out of solution, 
while if the pressure be increased more goes in. If we 
have then some water with air dissolved in it over the 
mercury in a barometer tube, air will be expelled till 
its pressure in the barometric vacuum is equal to the 
pressure of that dissolved, and whatever changes may 
occur in order that there may be equilibrium, the 
water must always keep saturated with air under the 
existing conditions of temperature and pressure. The 
pressure of aqueous vapour from the solution will obey 
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the usual laws, and will therefore be less than that from 
pure water in accordance with our equation 

TT — TT _ n' 

or Tt' = TT ( 1 — -jTf- — ) , 

V N+nJ' 

for the air in solution will exert osmotic pressure just like 
other substances. The total vapour pressure of the 
solution will be the sum of this and of the pressure due to 
the air, which, as we have seen, equals that in the 
vacuous space. This latter will depend on the relative 
volume of the solution and of the vacuous space, which 
takes air from the solution till there is equilibrium, so the 
measured vapour pressure would depend on the dimen- 
sions of the apparatus. We can however calculate the 
total vapour pressure in any given case if we know the 
concentration of the solution. Thus if there are n gram- 
molecules of gas dissolved in N gram-molecules of solvent, 
the diminution of the pressure of aqueous vapour (due to 
osmotic pressure) is 

N+n 
or for dilute solutions 

If we know \o the solubility of the gas at 760 mm. 
pressure and 0° C, we can find the vapour pressure of the 
dissolved gas, for 



96 SOLUTION AND ELECTROLYSIS. [CH. VI 

where Vo is the volume of gas dissolved under normal 
conditions and V the volume of the solution. 

In a volume Vq c.c. there are t;o/22320 gram-molecules. 
Let us call this number rio, then by Henry's law 

no-76d' 
where p is the pressure of gas. 

>ror^ ^ ^60 X 22320 71 

•••^ = ^^^n- ^ • 

Vp 
V, the volume of the solvent, contains -^ gram-molecules, 

where M = molecular weight and p the density of the 
solvent, 

P 

_ 760 X 22320 p n 

This gives the increase in the total vapour pressure due 

to the gaseous pressure, so the total increase in the vapour 

pressure is 

/760 X 22320 p \n 



TT — TT 



/ 7t)UX^Z3ZUp \ n^ 



In the second case of gases dissolved in liquids we 
have a substance like an aqueous solution of hydrochloric 
acid gas, which on distillation grows either richer or poorer 
in HCl till a certain strength of solution is reached. 
The solution then distils over unchanged. This is exactly 
analogous to the solution of one volatile liquid in another 
so we need not consider it separately. 



CH. Vl] 



Vapour pressures of solutions. 



97 



38. Solutions of Liquids in Liquids. When we 
were considering solubility, we found that pairs of liquids 
must be divided into three classes — (i) those which will 
not mix at all, (ii) those partially soluble in each other, 
(iii) those soluble in each other in all proportions. The 
laws of vapour pressure are different for each case. 

(i) With immiscible liquids the vapour pressure is 
equal to the sum of those of the constituents. This can 
be proved by passing the vapour of one boiling liquid into 
the other and examining the vapour which comes through, 
for in it the two substances will obviously be present in 
the ratio of their pressures. The sum of the two pressures 
will, at the boiling point of the mixture, be equal to the 
atmospheric pressure, so the boiling point must be lower 
than that of either constituent, but this is usually 
masked, for if one liquid forms a layer over the other, the 
mixture bumps violently if the more volatile liquid be 
below, while, if the positions are reversed, it is only the 
upper liquid which evaporates. 

(ii) The behaviour of partially miscible liquids has 
been studied by Konowaloflf^ who 
found by experiment that the solu- 
tion of a liquid A saturated with a 
liquid B exerts at a certain tempera- 
ture the same vapour pressure as 
that which a solution of B saturated 
with A exerts at the same tempera- 
ture. This can also at once be proved 
from theoretical considerations. For if we have an arrange- 

1 Wied. Ann,, 1881, U, p. 219. 
W. S. 7 
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ment like that in fig. 7 with a saturated solution of j5 in 
A at a, and a saturated solution of J. in jB at 6, the vapour 
over each must have the same pressure and composition, 
or else distillation or diffusion would go on in the 
upper space; this would be compensated by diflFasion 
through the liquids, and, so a perpetual circulation would 
be kept up, which is impossible. Konowaloff measured the 
vapour pressures of mixtures of two liquids of varying 
comjJbsition and at different temperatures. The general 
result of his observations is shewn by the form of the 
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Fig. 8. Feroentage of aloohoL 



curve in fig. 8, which gives the relation between percentage 
composition (abscissae) and vapour pressure (ordinates) 
of a mixture of water and isobutyl alcohol at 89° and 60°. 
While the percentage of alcohol is less than that required 
to saturate the water, the vapour pressure of the solution 
increases with the percentage of alcohol. When the 
solution is saturated, the vapour pressure is independent 
of the excess of alcohol present. Such a mixture has 
then a constant boiling point, and the composition of 
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the vapour is always tte same. This constant vapour 
pressure is found to be smaller than the sttm of those of 
the two constituents. When the percentage of alcohol is 
so large that all the water present can dissolve in it, the 
vapour pressure again alters with the composition of the 
solution, and finally sinks to its value for the pure 
alcohol. If a mixture represented by any point on either 
of the inclined portions of the curve be distilled, the 
composition of the vapour and the boiling point will 
gradually alter till the liquid present in large excess is 
finally left nearly pure. But as long as a heterogeneous 
mixture is present, the curve is a horizontal straight line, 
and the composition of the vapour and the boiling point 
remain constant. 

(iii) The vapour pressures of mixtures of liquids which 
are soluble in each other in all proportions give curves which 




Fig. 9. Water and propyl alcohol. 

gradually change fi'om a form very like those given above 
to one quite different. The following curves are taken 
from Ostwald's Lehrbuch, and were drawn fi'om Konowaloff's 

7—2 
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numbers. They at once shew how the mixtures will 
behave on distillation. The tendency is (since there is no 




Fig. 10. Water and ethyl alcohol. 

constancy in the composition of the vapour) for that 
particular mixture which has the greatest vapour pressure, 
and therefore the lowest boiling point, to come off first in 
greatest quantity, and therefore by repeatedly redistilling, 




Fig. 11. Water and methyl alcohol. 

we at last get a distillate which has the composition 
corresponding to this lowest boiling point. Thus with 
water and propyl alcohol, which mixture has a maximum 
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vapour pressure when the percentage of alcohol is about 
75, the final distillate obtained will have that com- 
position. 

The curves for water with ethyl alcohol and with 
methyl alcohol shew that in these cases no maxima are 
reached, so that by repeated distillation we get a nearly 
pure alcohol in the receiver, and pure water is left in the 
retort after the first boiling. It is much easier to get 



<fe< 



4flO 



Fig. 12. Water and formio acid. 

water free from alcohol than alcohol free from water, 
because the influence of a little alcohol on the boiling 
point of water is so much greater than that of a little 
water on the boiling point of alcohol. This case is of 
great importance in practice, for by such means mixed 
liquids of diflferent boiling points are separated in the 
chemical laboratory by the process of "fractionation." 
We now see that this can only give perfect separation 
when the type of the vapour pressure curve is that shewn 
in figs. 10 and 11. 

A mixture of water and formic acid shews the effect of 
considerable interaction between the constituents. The 
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vapour pressure of the mixture is lower than that of 
either constituent, and reaches a minimum at a percentage 
of alcohol of about 73. All other proportions will there- 
fore tend to distil over sooner than this, and finally we 
shall get a residue left in the retort containing 73 per 
cent, of alcohol. This will then distil over unchanged. 
The last case really includes such liquids as an 
aqueous solution of nitric or hydrochloric acid, which were 
once thought to shew definite chemical combination in 
the proportions of the mixture which finally distilled over 
unchanged. Roscoe^ however proved that the composition 
of this distillate varied with change of pressure, and the 
facts are fully explained by the vapour pressure curves 
given above. 

^ QtMrt, Joum. Chem., xn. p. 128, or TreatUe on Chemistry , YoL i. 
p. 188. 



CHAPTER Vn. 

THE ELECTRICAL PROPERTIES OF SOLUTIONS. 

39. Historical Sketch. As soon as the discovery 
of Volta's pile in the year 1800 became generally known, 
many investigations were made on its eflfects. The pile 
consists of a series of little discs of zinc, copper and 
blotting-paper moistened with water or brine, placed one 
on top of the other in the order zinc, copper, paper, zinc, 
&c., finishing with copper. Such an arrangement is really 
a primitive primary battery, each little pair of discs 
separated by moistened paper acting as a cell, and giving 
a certain diflference of electric potential, the differences 
due to each little cell being added together and producing 
a considerable difference of potential or electromotive 
force between the zinc and copper terminals of the pile. 
Another arrangement was the crown of cups, consisting 
of a series of vessels filled with brine or dilute acid, each 
of which contained a plate of zinc and a plate of copper. 
The zinc of one cell was fastened by a screw to the copper 
of the next and so on, the isolated copper and zinc plates 
in the first and last cups forming the terminals of the 
battery. 
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Using a copy of Volta's original pile, Nicholson and 
Carlisle^ found that when two brass wires leading from 
its terminals were immersed near each other in water, 
there was an evolution of hydrogen gas from one, while 
the other became oxidised. If platinum or gold wires 
were used, no oxidisation occurred, but oxygen was evolved 
as gas. They noticed that the volume of hydrogen 
was about double that of oxygen, and since this was the 
proportion in which these gases are contained in water, 
they explained the phenomenon as a decomposition of 
water. They also noticed that a similar kind of chemical 
action went on in the pile itself, or in the cups when that 
arrangement was used. Cruickshank^ soon afterwards 
decomposed the chlorides of magnesia, soda and ammonia, 
and precipitated silver and copper from their solutions. 
He also found that the liquid round the pole connected 
with the positive terminal of the pile became alkaline and 
the liquid round the other pole acid. In 1806 Sir 
Humphry Davy* proved that the formation of the acid 
and alkali was due to impurities in the water. He had 
previously shewn that decomposition of water could be 
effected although the two poles were placed in separate 
vessels connected together by vegetable or animal sub- 
stances, and established an intimate connection between 
the galvanic effects and the chemical changes going on in 
the pile. The identity of "galvanism" and electricity, 
which had been maintained by Volta, and had formed the 

1 Nichohon'e Journal, ISOO, 4, p. 179. 

2 Ibid., 4, p. 187. 

' Bakerian Leotnre for 1806, Phil, Trans. 
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subject of many investigations, was finally established in 
1801 by Wollaston, who shewed that the same effects 
were produced by both. In 1804 Hisinger and Berzelius^ 
stated that neutral salt solutions could be decomposed by 
electricity, the acid appearing at one pole and the metal at 
the other, and drew the conclusion that nascent hydrogen 
was not, as had been supposed, the cause of the separation 
of metals from their solutions. Many of the metals then 
known were thus prepared, and in 1807 Davy decomposed 
potash and soda, which had previously been considered to 
be elements, by passing the current jfrom a powerful 
battery through them when in a moistened condition, and 
so isolated the metals potassium and sodium. 

The difference between the conduction of electricity 
through such bodies as these, and through metals and 
other solids, early engaged the attention of observers, and 
for some time the presence of water was thought to be 
necessary for electrolytic conduction. Faraday^ however 
shewed that many bodies, including nearly all fusible salts 
which were non-conductors when solid, became electrolytes 
when fused, and just recently J. J. Thomson' and others 
have shewn that the passage of electricity through gases 
is an electrolytic action accompanied by chemical decom- 
position. The conditions necessary for electrolytic con- 
duction in solutions will be discussed later. 

The remarkable fact that the products of decomposition 
appear only at the poles, was perceived by the early 

1 Ann, de Chimie, 1804, 51, p. 167. 

* Experimental Researches, Vol. i. 1833. 

3 Recent Researches in Electricity and Magnetism, 1893. 
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experimenters on the subject, who suggested various 
explanations. Qrotthus* in 1806 supposed that it was 
due to successive decompositions and recompositions in 
the substance of the liquid. Thus if we have a compound 
AB in solution, the molecule next the positive pole is de- 
composed, the B atom being set free. The A atom attacks 
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Fig. 18. 

the next molecule, seizing the B atom and separating it 
from its partner which attacks the next molecule and so 6n. 
The last molecule in the chain gives up its B atom to the 
A atom separated from the last molecule but one, and 
liberates its A atom at the negative pole. Grotthus, and 
in fact nearly all the pioneers in the subject, thought that 
the decomposition was due to a direct attraction exerted 
by the poles on the opposite constituents of the de- 
composing compound, which varied as the square or some 
other power of the distance. This view was finally 
disproved by Faraday' who shewed that the electrical 
forces were the same at all positions between the 
poles, by placing two platinum strips, kept at a constant 
diflference apart and connected through a galvanometer, 
at different positions in a trough of dilute acid through 



^ AnnaUs de Chimie^ 1806, 58, p. 54. 
' Experimental Researches, 1833. 
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which a current was flowing. He also shewed that 
chemical decomposition could be produced without the 
presence of any metallic pole. An electric discharge 
from a sharp point connected with a frictional machine, 
was directed on to a strip of turmeric paper moistened 
with sulphate of soda solution, the other end of the paper 
being joined to the other termind of the machine. 
Alkali appeared on the paper opposite to the discharging 
point. Another experiment shewed that insoluble hydrate 
of magnesia was produced at the junction between a 
strong solution of sulphate of magnesia and pure water 
when a current was passed across it. Faraday accepted 
the idea of Qrotthus* chain, but held that there were 
chemical forces between atoms of opposite kinds in 
neighbouring molecules as well as in the same molecule, 
and that when the electric force was added to these they 
became strong enough to overcome the attractions between 
the atoms in the same molecule, so that a transfer of 
partners occurred. We shall see later that transfers of 
partners are probably always going on in solutions, whether 
a current is passing or not, and that the function of the 
electric forces is merely directive, but Faraday's account 
of the consequences of this interchange still holds good. 
He pointed out how it explained all the facts, including 
the passage of acids through alkalis under the influence 
of the current, a phenomenon which had created such 
surprise when discovered by Davy. Faraday shewed that 
the presence of the alkali toot only facilitated the passage 
of the acid, but was even necessary, for, without something 
with which to combine on its way, the acid would be 
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unable to travel. Thus Faraday's view amounts to 
supposing a constant stream of acid in one direction and 
of alkali in the other. 

Faraday introduced a new terminology which is still 
used. Instead of the word pole which implied the old 
idea of attraction and repulsion, he used the word 
electrode, and called the plate by which the current enters 
the liquid the anode, and that by which it leaves the 
kathode* The parts of the compound which travel in 
opposite directions through the solution he called ions — 
kations if they went towards the kathode and anions if 
they went towards the anode. He also introduced the 
words electrolyte, electrolyse, &c., which we have already 
used. 

Faraday clearly pointed out that the difference between 
the effects of a frictional electric machine and of a voltaic 
battery lay in the fact that the machine produced a very 
great difference of potential, but could only supply a 
small quantity of electricity, while the battery gave a 
constant supply of an enormously larger quantity, but 
only produced a very small difference of potential. 

40. Faraday's Laws. Davy had previously shewn 
that there was no accumulation of electricity in any part 
of a voltaic circuit, so that a uniform flow or current must 
be everywhere going on, and Faraday set himself to 
examine the relation between the strength of this current 
and the amount of chemical * decomposition. He first 
proved by observations on the decomposition of acidulated 
water, that the amount of chemical action in ea>ch of 
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several cells was the same when the cells were joined 
together and a current passed through them all in series, 
even if the sizes of the platinum plates were diflTerent in 
each. The volume of hydrogen was unchanged even if 
electrodes of different materials — such as zinc or copper 
— were used. He then divided the current after it had 
passed through one cell into two parts, each of which 
passed through another cell before they were reunited. 
The sum of the volumes of the gases evolved in these 
two cells was equal to the volume evolved in the first cell. 
The strength of the acid solution was then varied, so that 
it was diflTerent in the diflferent cells in one series, but the 
chemical action still remained the same in all. Thus the 
deduction was made that the amount of decomposition was 
proportional to the quantity of electricity which had passed. 
An apparatus for the decomposition of water can there- 
fore be used to measure the total quantity of electricity 
which has passed round a circuit. Such instruments are 
termed voltameters. 

The same law was then shewn to be true for solutions 
of various metallic salts, and also for salts in a state of 
fusion — the weight of metal deposited being always the 
same for the same quantity of electricity. A second law 
also was discovered, namely that the mxj>ss of an ion 
liberated by a definite quantity of electricity is proportional 
to its chemical equivalent weight. In the case of elementary 
ions this equivalent weight is the atomic weight divided 
by the valency, and in the case of compound ions it is the 
molecular weight divided by the valency. 

It was then proved that the mass of zinc consumed 
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in each cell of the battery was the same as that deposited 
by the same current in an electrolytic cell placed in the 
external circuit. 

These results may be grouped in one statement which 
is known as Faraday's law of electrolysis. 

The mass of an ion liberated by a current is proportional 
to the whole quardity of electricity which passes and to the 
electro-chemical equivalent of the ion, the electro^chemical 
equivalent being proportional to the chemical equivalent 
weight 

By later investigations it has been found that the 
mass of hydrogen liberated by one electro-magnetic unit 
of electricity is 1*0352 x 10"* gram. The electro-chemical 
equivalent of any other ion can be found by multiplying 
this figure by its chemical equivalent weight. By mea- 
suring the quantity of electricity which passes in electro- 
magnetic units and calling it ^, we can therefore write an 
expression for the mass liberated 

m= 10352 xlO-^eg', 

where e is the chemical equivalent weight. 

Faraday's law has been confirmed in the case of silver 
to a great degree of accuracy by Lord Eayleigh and 
Mrs Sidgwick^ who gave the value 00111795 for its 
electro-chemical equivalent, and in the case of copper by 
W. N. Shaw*. In the latter case small variations occurred 
on altering the intensity of the current, but they were 
traced to the action of the copper sulphate solution in 

1 Phil Trans., 1884, (2), p. 411. 

3 British Association Report^ 1886, p. 318. 
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dissolving the newly precipitated copper. Faraday him- 
self considered that in certain cases a small current could 
leak through electrolytes without chemical decomposition^ 
but it is very doubtful whether such can be the case. 

One or two consequences of these laws must now be 
traced. Since many elements (iron for example) have 
diflTerent equivalents in their different series of com- 
pounds, their electro-chemical equivalents must also 
vary. Thus if a current be sent through two cells in 
series, one containing the solution of a ferrous and the 
other the solution of a ferric salt, the quantity of iron 
liberated in the first cell will be proportional to 56/2 
or 28, and the quantity liberated in the second will be 
proportional to 56/3 or 18*7, since the atomic weight of 
iron is 56. 

Since unit quantity of electricity in passing through 
an electrolyte always decomposes a mass of the substance 
equal to 1*0352 x lO^e, it follows that a definite quantity 
of electricity is always associated mth the same number 
of equivalents. We can in fact represent electrolytic con- 
duction as a process of convection, a positive charge being 
carried by the kations in one direction, and a negative 
charge by the anions in the other, and it follows that the 
charge on a univalent ion is always the same whatever 
be the nature of the ion, and the charge on a divalent 
ion is twice, and that on a trivalent ion three times 
that carried by a univalent ion. From the equation on 
p. 110 we see that the charge carried by the number 
of the two opposite univalent ions contained in one 

1 Exp, Researches, 1834, series 8, §§ 970, 984. 
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gram-equivaleDt of a simple binary compound like NaCl, 

is (since m = e) 

1 _1 

* 10352x10-* v' 

where 17 is the electro-chemical equivalent of the standard 
substance hydrogen. 

41. Polarisation. It was soon observed that a 
single cell of Volta's crown of cups was not able to de- 
compose water, and that a certain considerable difference 
of potential had to be kept up in order to drive a per- 
manent current through an electrolytic apparatus. This 
subject was investigated by Faraday, who referred the 
effect to the chemical affinity between the parts of the 
water, which needed a force greater than that affinity in 
order to separate them. If we use a sufficient electro- 
motive force, and send a current between platinum plates 
in acidulated water, the plates will be found to be in 
a peculiar condition (which is known as polarisation) and 
to have acquired the power of driving a current for some 
time in the reverse direction, if they are disconnected 
from the primary battery and joined to each other 
through a galvanometer. If the electromotive force 
between the polarised plates be determined, it will be 
found to be 1*47 volts, and this may be taken to measure 
the affinity of hydrogen and oxygen, so that no primary 
battery or other source of electrical energy is able to send 
a permanent current through acidulated water unless the 
electromotive force that it gives is at least 1*47 volts, and 
it is important to observe that the effective electromotive 
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force acting round such a circuit is that of the battery 
less 1*47 volts. This reverse electromotive force must 
always be taken into account in calculating the strength 
of a current, when there is any polarisation in the 
circuit. If the applied electromotive force is less than 
the critical value, some current will at first pass, but this 
gradually becomes less, and finally nearly vanishes as the 
electrodes become polarised. A very small current always 
appears to leak through, but whether this is due, as 
Faraday supposed, to some conduction without decomposi- 
tion is extremely doubtful. It must be remembered that 
both oxygen and hydrogen are to some extent soluble in 
water, so that some of the gases set fi:ee are dissolved, and 
may so escape into the air and make room for more. In 
other cases, in which bodies like chlorine are evolved, the 
products of electrolysis may meet by diflfusion of one or 
both through the solution and recombine; a little more 
decomposition would then go on to supply their place, and 
so a permanent, though very small, leakage current would 
be kept up. The accurate measurement of the reverse 
electromotive force of polarisation presents some difficulty. 
It rapidly falls oflf in intensity and the reversal of the 
connections must be quickly made in order to get its 
maximum value. Eaoult* found that a speed of reversal 
equal to 100 per second was enough to secure this. 

42. Accumulators. Polarisation is the principle 
which underlies the action of all secondary cells or accumu- 
lators. If an ordinary water voltameter, with the platinum 

1 Ann, de Chimie et de Phys,, 1864, [4], 2, 326. 
W. S. * 8 
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electrodes resting partly in the solution and partly in the 
evolved gases^ be connected with a galvanometer, we shall 
find that a reverse current is set up, and will continue to 
flow as long as any of the evolved gases (which will 
gradually disappear) remain. This is Grove's gas battery. 
If two lead plates be immersed in dilute sulphuric acid 
and a current passed between them, the anode becomes 
coated with brown dioxide of lead, and spongy metallic 
lead is deposited on the kathode. The reverse electro- 
motive force of this arrangement is about 20 volts. For 
practical purposes the cells are much improved if currents 
be passed through them for some time as a preliminary, 
first in one direction and then in the other. This treat- 
ment increases the effective area of the lead plates, and 
so enables them to store a larger amount of chemical 
energy. These lead cells, originally due to Plants (1860), 
are universally employed in one of their many forms. The 
modifications which have been introduced have mainly 
been directed to increasing the effective area of the 
plates by making them in the form of. a lattice-work or 
by coating them with red lead. 

43. Primary CeUs. Just as polarisation is set up 
in an electrolytic apparatus placed in the external circuit, 
so it is produced in the cells of the battery itself, when 
these consist of a plate of zinc and a plate of platinum or 
copper placed in acidulated water. Bubbles of hydrogen 
appear at the platinum plate, and the reverse electro- 
motive force which they set up soon causes the current to 
decrease in strength. Many forms of cell have been de- 
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vised to obviate this. In some, oxidising agents such as 
bichromate of potash are added to the liquid, while in 
others the platinum plate is put inside a porous pot, and 
surrounded by oxidising agents (such as nitric acid in 
Grove's cell), or by a solution of copper sulphate which 
causes copper to be deposited on the electrode: in this 
case itself of copper (Daniell's cell). By some such 
device a fairly constant electromotive force can be ob- 
tained. It is worthy of note that if a current be forced 
through a Daniell's cell against the electromotive force of 
the cell, copper will redissolve to form copper sulphate, 
while zinc will be deposited on the zinc electrode from the 
zinc sulphate solution. The processes which go on in 
Daniell's cell are therefore perfectly reversible. 

It is interesting to examine the conditions necessary 
for the solution of zinc. Pure zinc, or ordinary zinc which 
has been amalgamated with mercury, will not dissolve in 
dilute sulphuric acid, but if a piece of another less oxidis- 
able metal like platinum be put into the liquid in contact 
with the zinc, solution at once begins, zinc sulphate is 
formed and hydrogen is evolved at the surfece of the 
platinum. A complete voltaic circuit is thus necessary, 
and a quantity of electricity equivalent to the amount of 
chemical action, flows round it. If a piece of pure zinc 
be placed in a neutral solution of zinc sulphate, no action 
occurs even in presence of platinum, but solution at once 
begins if a few drops of acid be added. Ostwald^ observed 
that if the zinc and platinum were separated by a porous 
partition, and connected by a wire outside the solution of 

^ Phil, Mag., 1891, 82, p. 145. 
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zinc sulphate, no action occurred if acid was added to the 
vessel containing the zinc, but that the zinc was at once 
attacked if the acid was put into the vessel containing 
the platinum. In the first case, supposing the zinc re- 
places the hydrogen in the acid, the hydrogen must 
again form sulphuric acid in contact with the zinc sulphate 
round the platinum plate, and zinc must be there de- 
posited. There is thus no resultant chemical action, and 
no supply of energy to keep up the current. In the 
second case, however, hydrogen is evolved at the plati- 
num, being replaced in the sulphuric acid by zinc from 
the zinc sulphate. This action gives a supply of energy, 
and can therefore go on spontaneously. 

44. Contact Difference of Potential. The source 
of the energy of a voltaic cell is unquestionably the 
chemical action which goes on, but much discussion has 
taken place about the exact seat of the difference in 
potential. Volta thought that it was produced at the 
contact between the pair of metals, and arranged his pile 
in the order zinc, copper, paper, zinc... on this supposition. 
If a piece of zinc connected with one pole of an electro- 
meter be put in contact with a piece of copper connected 
with the other, a difference of potential is certainly 
observed, and this may amount to about 0*8 volt. It 
must be remembered, however, that the apparatus is in 
contact with air, which may exert an oxidising action, and 
experiments conducted in absence of air, or in artificial 
atmospheres of other gases, have led to no definite results, 
probably owing to the diflSculty of getting rid of the last 
traces of air. An indirect method of measurement, used 
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by Jahn^, avoids this difficulty. Peltier found that when 
a current of electricity was passed across the junction 
between two metals, a reversible evolution or absorption of 
heat occurred. By the principles of thermodynamics it 
follows that an electromotive force must reside there, and 
by measuring the strength of the current and the total 
thermal evolution its value can be calculated. Jahn's results 
shewed that it was always small, and rarely amounted 
to more than a few thousandths of a volt. This appears 
to disprove the existence of any difference of potential 
of the order of 0*8 volt, and, though some doubt has 
been thrown on the validity of the reasoning, it is im- 
probable that the great electromotive force observed by 
the other method could be so nearly balanced as to 
disappear in the Peltier effect. 

Faraday's work led many people to believe that the 
true seat of the difference in potential, like the source 
of the energy of the current, was to be found at the 
junction between metal and liquid, and this appears to be 
the more probable view. This again is a difficult thing 
to observe, for, in order to get the potential of the liquid 
by any of the ordinary methods, we must introduce a wire 
leading to an electrometer, which gives a new surface 
of contact, and therefore another difference of potential. 
The only way in which this difficulty has been surmounted 
is due to Lippmannl It is found that when the surface 
of separation between mercury and dilute sulphuric acid 
is increased, a current is produced, and conversely if an 

1 Wiedemann's AnnaUn^ 1888, 84, p. 755. 

3 Pogg, Ann., 1873, 149, p. 561 ; Ann, de Chim,, 1875, [5], 5, p. 494. 
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external electromotive force be applied by passing a 
current across it, that the area of the surface tends to 
alter, owing to a change in the effective surface tension 
caused by the polarisation at the junction. These 
phenomena have been utilised by Lippmann in the 
construction of electrometers. Several forms are used ^ — 
in one a vertical glass tube is drawn 
off to a very fine capillary the end 
of which is bent upwards. This 
apparatus is filled with mercury, and 
the lower part immersed in a vessel 
of dilute sulphuric acid whose bottom 
is covered with a layer of mercury. 
The capillary forces tend to depress 
the mercury surface in the little tube, 
and are balanced by the pressure of 
the long column. When the mercury 
in the vertical tube, and the mercury 
in the bottom of the vessel of acid, 
are kept at different potentials, the 
surface tension at the junction be- 
tween mercury and acid in the 
capillary tube changes, and the level 
of the junction is altered. A microscope is arranged to ob- 
serve this, and for small differences, the change in the level 
is found to be proportional to the difference of potential. 

These phenomena have been explained by von Helm- 
holtz*. The difference of potential between a metal and 




^\h 



Fig. 14. 



^ See Ostwald's Phynco-Chemical Measurements, 
« Wied. Ann,y 1882, 16, p. 86. 
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an electrolyte must cause an electrification over the 
boundary between them, positive electricity accumulating 
on the mercury surface, and negative electricity on the 
acid. Each side of this " double layer of electricity " will 
try to increase its area owing to the repulsion between 
the diflferent portions of the similar charge, so that the 
effect of the double layer will be opposite to that of the 
surface tension, which tends to diminish the area. If 
then we have mercury in contact with dilute sulphuric 
acid, and increase the difference of potential between 
them by external means, the surface tension will be still 
further reduced. If, however, we reverse our external 
electromotive force, so that we make the mercury less 
and the acid more positive, the effect of the natural 
double layer will be reduced, and the sur&ce tension will 
increase. This will go on until the external potential 
difference is equal and opposite to that of the natural 
double layer, when the surface tension will be a maxi- 
mum. Beyond this another double layer will be formed 
of opposite sign — the mercury becoming negative and the 
acid positive — and a reduction in surface tension will 
again take place. Thus by measuring the external 
difference of potential required to give the surface tension 
its maximum value, the difference of potential due to the 
natural double layer formed on contact was found by 
Lippmann to be about 0*9 volt. 

This has been confirmed in two ways. If the surface 
of contact be increased by mechanical means, the double 
layer will be stretched, the potential difference will be 
reduced and a current will flow, in order to again increase 
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it to its normal value. But if the potential difference 
be destroyed by an external electromotive force, this will 
cease to hold, and no current will be observed on increasing 
the surfsuie. Pellat^ found that the current ceased to be 
produced when an external electromotive force of about 
1*0 volt was applied. 

When mercury is dropped from a fine orifice in a glass 
vessel the lower part of which is placed in an electrolyte, 
it must in the end assume very nearly the potential of the 
liquid ; for as each drop falls, it will form a double layer 
round it, and in order to do this, it must take positive 
electricity from the stock of mercury, and so reduce its 
potential nearly to that of the liquid. It will never quite 
reach that value, because it is all the time trying to set 
up the usual difference of potential by contact, but by 
making the formation of the drops rapid, the discharge of 
electricity from the stock of mercury can be made nearly 
perfect. In this way Ostwald* obtained a difference of 
potential between the drops and the mercury at rest of 
about 0*81 volt. 

The maximum value of the suriGstce tension, produced 
by applying an external electromotive force suflScient to 
destroy the double layer, is the real surface tension free 
from all electrical disturbances, and this was found by 
Ostwald to be independent of the nature of the electro- 
lyte, while the natural value as usually measured varies 
greatly. 

When we know the true difference of potential 

1 Comp, Rend., 1887, 104, p. 1099. 

* Zeits. /. physikaU Chemie^ 1887, 1, p. 683. 
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between mercury and any given electrolyte, we can find 
the value for a surface between that electrolyte and any 
other metal, by measuring the electromotive force of the 
combination mercury-electrolyte-metal. Assuming that 
the eflfect at the junction of the metals is small, this 
gives the sum of the effects at the junctions mercury- 
electrolyte and electrolyte-metal, and from this the latter 
can be found by subtraction. The following table gives 
the potentials of different metals in normal solutions, the 
potential of the electrolyte being put equal to zero. 





HCl 


HBr 


HI 


HjSO^ 


Zn 


-0-54 


-0-46 


-0-30 


-0-62 


Cd 


-0-24 


-0-18 


-0-08 


-0-22 


Sn 


+ 002 


+ 0-12 


+ 0-28 


-0-02 


Pb 


+ 003 


+ 0-10 


+ 0-26 


-0-04 


Cu 


+ 0-35 


+ 0-35 


+ 0-36 


+ 0-46 


Bi 


+ 0-41 


+ 0-47 


+ 0-60 


+ 0-46 


Sb 


+ 0-51 


+ 0-60 


+ 0-54 


+ 0-48 


Ag 


+ 0-57 


+ 0-51 


+ 0-45 


+ 0-73 


Hg 


+ 0-57 


+ 0-50 


+ 0-44 


+ 0-86 



Thus the initial electromotive force of a zinc-copper couple, 
1*08 volt, is produced by a difference of potential of 0*62 
between the zinc and acid and of 0*46 between the acid 
and copper. 

The cause of these differences of potential has been 
explained by W. Nemst on the supposition that each metal 
in contact with a given electrolyte possesses a certain 
"solution pressure," analogous to the vapour pressure of 
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a liquid, by reason of which ions are detached irom it, 
and go into solution carrying their charges with them and 
leaving the metal oppositely electrified. The development 
of this idea will be described when we are considering the 
Dissociation Theory in Chapter XI. 

It is worthy of note that cells with diflferent positive 
terminals (copper, platinum, &c.) give diflferent electromo- 
tive forces, although the chemical actions are the same, 
consisting in each case of the solution of zinc and the 
evolution of hydrogen. The dififerences arise fix»m the 
fact that, in order to set free the hydrogen, diflferent 
electromotive forces have to be overcome at the electrode, 
so that diflferent fractions of the whole energy are used to 
keep up the electromotive force. 

45. Source of the Energy of the Current, and 
Theory of the Voltaic CeU. As we have already 
remarked, the supply of energy necessary to drive the 
current is drawn from the chemical energy liberated by 
the auctions which go on in the cell. 

When a quantity of electricity q passes round the 
circuit, the total amount of energy liberated by the 
chemical action which goes on can be calculated from the 
heats of formation of the various chemical compounds 
produced, which have in most cases been experimentally 
determined by Thomgen and others. If H be the heat 
(measured in mechanical units) which would be liberated 
if all the energy produced when one unit of electricity 
passes, assumed the thermal form, then the total energy is 
qH, and if all this energy were used in forcing the current 
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round the circuit, we should have the equation which Lord 
Kelvin* deduced from Joule's principle 

qH=^qE or H^E, 

where E is the electromotive force. In nearly all cases 
however the electromotive force of a cell changes with 
temperature, and if this is the case it is easy to shew from 
the principles of thermodynamics that a reversible heat 
evolution or absorption will occur on the passage of a 
current. In order to prevent this from producing changes 
in temperature, heat must be supplied or abstracted, and 
one side of our equation must be increased or diminished 
by the mechanical equivalent of this heat. 

The relation is at once deducible if we imagine a cell, 
in which the chemical processes are all reversible, put 
through a thermodynamical cycle of changes. Let us 
begin by supposing that we place our cell in an enclosure 
whose temperature is T and that we let pass a quantity of 
electricity q through the cell in the direction of the 
electromotive force. The cell will do a quantity of work 
Eq, Suppose that in order to keep its temperature constant 
we supply hq units of heat. Then let us put the cell into 
a second enclosure which is at a temperature T— BT, very 
slightly lower than the first. If the electromotive force is 
unchanged, the work done on the cell in forcing q units 
of electricity through it against the electric forces, will 
be Eq, so that the whole gain of work throughout the 
cycle is nil, and no heat is required to keep the temperature 
constant. If, however, E changes with the temperature 

^ Philosophical Magazine^ 1S51, [4], 2, p. 429. 



124 SOLUTION AND ELECTROLYSIS. [CH. VII 

SO that dEjdT represents its rate of change, we shall have 
for the electromotive force of the cell at a temperature 

so that the work done will now be 

dE 



(^-gsr),. 



We now have the cell in exactly the same state as at first, 
for forcing the q units backwards through it has reversed 
all the chemical changes. We can therefore apply the 
principles of thermodjmamics, and are able to use the 
ordinary relation that the eflFective gain of work during 
the cycle is to the amount of heat absorbed in the hot 
enclosure as the difference in temperature is to the 
absolute temperature. Now the gain of work is evidently 

and so we get 

hq ~ T' 
dE 



r.h^T 



dT' 



which gives the mechanical equivalent of the heat 
necessary to keep the temperature constant when one 
unit passes. Since T is always a positive quantity, it 
follows that the sign of h is the same as that of dEjdT, 
and so, if the electromotive force increases as the 
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temperature rises, the sign of h is positive and heat must 
be supplied to the cell. If the electromotive force de- 
creases as the temperature rises, heat must be taken 
from the cell. 

Thus the chemical energy of the materials has other 
work to do than was at first supposed, and we must put 

or E^H^T^ (24), 

an equation for the electromotive force of a cell first 
given by von Helmholtz^ and experimentally confirmed 
by Czapski* and Jahn', 

Let us calculate by this method the electromotive 
force of a Daniell's cell. When unit quantity of electricity 
passes, the chemical changes are these : — 32*5 x 1*0352 
X 10~^ grams (the electro-chemical equivalent) of zinc 
dissolve in dilute acid, the hydrogen evolved from this 
(10352 X 10-* gram) displaces 31*6 x 1*0352 x 10-* grams 
of copper from copper sulphate, and this same amount 
of copper is liberated. The heats of formation are given 
in any book on chemistry — we shall take them from 
Ostwald's Lehrhuch. When zinc sulphate is formed from 
its elements, the amount represented in grams by the 
formula ZnS04 evolves 230000 calories of heat, and its 
solution in water 18500 cals. In the same way the heat 

^ Berl. Ber,, 1882, pp. 22, 825, and Wissensehaftliche Abkandlungen, 
2, p. 962. 

2 Wied. Ann., 1884, 21, p. 209. 

s Wied. Ann., 1886, 28, pp. 21, 491 and 1888, 84, p. 755. 
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of formation of sulphuric acid, H9SO4, is 193100 cals. and 
its heat of solution 17800 cals. The net result of the 
action Zn + HaS04 = ZnS04 + Hj is therefore the evolution 
of 37600 cals. of heat Finally we have the action 
Ha + CUSO4 = H2SO4 + Cu. Now the heat of formation 
of CUSO4 is 182600 cals. and its heat of solution 15800. 
The net result of the change is got by subtracting from 
the sum of these the sum of the corresponding numbers 
for sulphuric acid : it comes out — 12500 cals. Since the 
CUSO4 is not formed but decomposed, we must subtract 
this from the 37600 cals. to get the total change 
throughout the cell, which equals 50100 cals. This is 
the heat change corresponding to the solution of 65 grams 
of zinc, so that when one electro-chemical equivalent is 
dissolved the thermal evolution is 

50100 X 32-5 X 10352 x 10-* ^ ^^„ , 

-w^ = 2-592 cals. 

60 

The temperature coefficient of a Darnell's cell is very 

small, so that dEjdT can be neglected, and equation (24) 

becomes 

jE=2-592 J 

= 2-592 X 4-2 X 10' 

= 1*09 X 10® electro-magnetic units 

= 1-09 volts, 

a number agreeing extremely well with observation. 



CHAPTER VIII. 

ELECTRICAL PROPERTIES (continued), 

46. The Nature of the Ions. The work of 
Berzelius, beginning in 1804, on the electrolytic de- 
composition of neutral salts, led him to frame a theory 
which regarded all chemical action as brought about by 
the electric forces between oppositely charged atoms. 
When two atoms united, he supposed that the charges 
were not exactly neutralised, and the group of atoms was 
left with a balance of positive or negative electricity, and 
so could still combine with other atoms or groups of 
atoms. He regarded each chemical compound as formed 
by the union of an electro-positive group with an electro- 
negative group, and held that the action of the electric 
current in producing acid round the anode, and alkali 
round the kathode of a neutral salt solution, was to be 
explained simply as a direct separation of the salt into 
acid and base. When the attention of chemists began 
to be directed more to organic chemistry, the dualistic 
ideas of Berzelius had to be abandoned, and even &om 
the physical side objections were soon raised. Thus 
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DaDiell^ shewed that *in the electrolysis of a solution of 
sodium sulphate an equivalent of hydrogen was produced 
as well as an equivalent of acid and base. This is at once 
reconciled with Faraday's law if we suppose that the parts 
of the salt, from an electrolytic point of view, are Na 
and SO4, and that the hydrogen results from a secondary 
action of the sodium on the water of the solution. 

In some cases, the phenomena of electrolysis give 
valuable information about the nature of the body in 
solution. We are able, for instance, to distinguish be- 
tween double salts and salts of compound acids. Thus 
Hittorf shewed that when a current was passed through 
a solution of potassium platinichloride, the platinum 
appeared at the anode. The salt must therefore be 
derived from a compound acid, and have the formula 
Na-aPtCla, the ions being sodium and PtClg, for if it were 
a double salt it would decompose as a mixture of sodium 
chloride and platinum chloride, and both metals would go 
to the kathode. 

47. Secondary Actions. Owing to these secon- 
dary actions it is often difficult to determine what are the 
real ions in any given case of electrolysis, for the parts 
into which the electrolyte is primarily resolved, and which 
travel through the solution, when they reach the electrode 
and are set free, may attack the substance of the 
electrode, or some constituent of the solution, and form 
secondary products. Thus the final products of the 
decomposition are often quite different from the ions, 

1 Phil. Trans. 1839, 1, p. 97 and 1840, 1, p. 209. 
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and chemical analysis of the solution round the electrodes 
then gives only indirect evidence as to their nature. In 
the case of a solution of potash, for example, the ions are 
K and OH. When the kation K reaches the electrode, 
instead of being set free in the metallic state, it attacks 
the water, liberating hydrogen and again forming potash, 
and the anion OH produces water and oxygen at the 
anode. Thus the final products are the same as though 
water had been directly decomposed. 

This leads .us to examine more closely the part played 
by water in electrolysis. It was at first thought to be 
the only active body, and to be necessary in every case 
of electrolytic decomposition. The dilute acid or alkali 
which was always added when water was to be decom- 
posed, was supposed merely to allow the passage of 
the current by reason of its conductivity, and it was 
imagined that the current then directly decomposed 
the water. Now pure water is known to be a very 
bad conductor, though when great care is taken to 
remove all dissolved bodies, there is evidence to shew 
that some part of the small trace of conductivity 
remaining is really due to the water itself. Thus F. 
Kohlrausch^ has prepared water whose conductivity in 
c.G.s. units was 1*8 x 10~" at 18° C. Even here some 
little impurity was present, and Kohlrausch estimates 
that the conductivity of chemically pure water would be 
0-36x10-" at 18° C. As we shall see later, the con- 
ductivity of very dilute salt solutions is proportional to 
the concentration, so that it is probable that in most 

1 See § 78. 

w. s. 9 
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cases practically all the current-carrying is done by the 

salt. It seems probable then that what is called the 

decomposition of water is really a secondary effect due to 

the presence of the acid. Thus, if sulphuric acid is used, 

the primary ions are probably hydrogen and sulphion, SO4. 

This latter, instead of being set free, decomposes the water, 

again forming sulphuric acid and liberating oxygen. 

This reasoning is confirmed by the fact that if the acid 

is strong, sulphur dioxide is evolved — if the water were 

the active agent it would still furnish the, final product, i 

even when present in very small quantitie& The same 

kind of thing occurs with hydrochloric acid dissolved in 

water. While the solution is strong, hydrogen and 

chlorine are evolved, but as it becomes dilute the 

i 

chlorine is gradually all taken up by the water, oxygen 
being liberated. The part played by the water will be 
again considered in Chapter XI. 

The electrolysis of mixed solutions is probably another 
case of secondary action. When two salts are dissolved 
together in water, and a current passed through the 
liquid, it is generally found that, unless the current is 
very strong, the less oxidisable metal is alone deposited 
at thS kathode. But if we imagine the ions to convey 
the current by a process of convection, we must suppose 
that the ions of both salts are travelling through the 
liquid, since the electric forces act on both alike. This 
was experimentally confirmed by Hittorf ^ by measure- 
ments of the conductivity of a mixed solution. When 
the more oxidisable metal reaches the kathode, however, 

1 Poggendorf^s Annalerit 1868, oiii. p. 48. 
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it acts on the solution and replaces the less oxidisable 
metal, just as a strip of zinc placed in copper sulphate 
solution precipitates the copper. When the current is 
increased, and the chemical action }& rapid, there is no 
time for this process to take place, and both metals 
appear on«the electrode. The readiness with which an 
ion acts on the solution, when it is liberated at the 
electrode by the electric forces, has been taken advantage 
of by Becquerel and others in order to prepare many new 
and interesting chemical compounds. 

48. Practical Applications of Electrolysis. In 

this book any detailed account of the practical applications 
of electrolysis would be entirely out of place, but it is 
interesting to remark that just as the strength of current 
used may influence the secondary actions which go on, so 
it may also influence the physical state in which a metal 
is deposited. This explains why in the processes of 
electroplating, &c. it is necessary to carefully adjust the 
current density (that is the strength of the current per 
unit area of the electrode) in order to prevent the deposit 
from being crystalline, or from being deposited so fast 
that it only loosely adheres to the plate. 

The fact that the less oxidisable metal is usually first 
-deposited from solution has often been used to effect the 
separation of metals, and the process has lately been 
developed on the large scale for the deposition of pure 
oopper from an impure solution of its salts. 

49. Complex Ions. In a normal case of electro- 
lysis, such as that of an aqueous solution of potassium 

9—2 
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chloride, it is probable that the primary ions are the 
simple bodies E and CI, but in a few cases, such as that 
of cadmium iodide dissolved in alcohol, very great 
changes of strength occur in the solution near the 
electrodes (see p. 135), and it seems necessary to suppose 
that some unaltered salt is attached to the a^ion. The 
ions will then be Cd and Is(Cdl3), the latter being 
comple:!^. It has even been suggested that molecules of 
the solvent may also be attached to ions, and be dragged 
along by them under the influence of the electric forces^ 

50. The Migration of the Ions. Having obtained 
some idea of the nature of the ions, we must now enquire 
whether it is possible to obtain any information about the 
velocity with which they travel through the solution. 

If we pass a current from copper plates through a 
solution of copper sulphate, we shall notice that the 
colour of the liquid in the neighbourhood of the anode 
becomes deeper, and in the neighbourhood of the kathode 
lighter in shade. This is well seen if the electrodes are 
arranged horizontally with the anode underneath. When 
the electrodes are of copper, the quantity of metal in solu- 
tion remains constant, since it is dissolved from the anode 
as fast as it is deposited at the kathode, but if we use 
platinum electrodes, the quantity in solution becomes con- 
tinually less, and in this case more salt is taken from the 
neighbourhood of the kathode than from near the anode, 
and the colour of the solution, therefore, becomes pale more 
rapidly near the kathode than near the anode. 

1 See W. N. Shaw on Electrolysis, B, A. Report 1890, p. 201. 
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Two explanations of this seem possible. The first 
is to suppose that (as in the case of cadmium iodide in 
alcohol) the ions are really complex, unaltered salt being 
attached to the anion or solvent to the kation, so that salt 
is drawn to the anode or solvent to the kathode. The 
second explanation (due to Hittorr), is that the velocity 
of the ions is different — the anion, in the case of copper 
sulphate^ travelling faster than the kation. 

Let us develope the consequences of Hittorfs hypo- 



• 


• 


• 
• 


• 
• 


s 

• 
• 


8 

• 
O 

• 


8 

• 
O 

8 


• 
O 

• 

o 

8 


8 

• 
O 

8 


8 

• 
O 

8 


8 

• 
O 

8 


• 
O 

• 


8 


8 
8 
8 


8 
8 
8 


8 

• 
O 

O 


8 

• 
O 

o 


8 

O 

o 


8 

O 

o 


o 
o 


o 







Fig. 16. 

thesis by the method given by Ostwald. In fig. 15 the 
black dots represent the one ion, and the white circles the 
other. Let the black ions move to the left twice as fast 
as the white ions move to the right. While the black 
ions move over two of our spaces, the white ones move 
over one. Two of these steps are represented in the 
diagram. At the end of the process it will be found that 
six molecules have been decomposed, six black ions being 
liberated at the left and six white ions at the right. 
Looking at the combined molecules, however, we see that 
while five remain on the left side of the middle line, only 
three are still present on the right. Thus the left-hand 

1 Pogg. Ann,, 1863—9, 89, p. 177, 98, p. 1, 103, p. 1, 106, pp. 337, 613. 
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side, towards which the faster ions moved, has lost twa 
combined molecules, while the right-hand side, towards 
which the slower ions travelled, has lost four — just twice 
as many. Thus we see that the ratio of the masses of salt 
lost by the two sides is the same as the ratio of the veloci- 
ties of the ions leaving them. Therefore, by analysing the 
contents of a solution after a current has passed, we can 
calculate the ratio of the velocities of its two ions, A long 
series of measurements of this kind has been made by 
Hittorf^, Loeb and Nemst* and others, who used various 
forms of apparatus arranged so as to enable the anode and 
kathode solutions to be separately examined after the 
passage of the current. Hittorf called the phenomenon 
the " migration of the ions," and expressed his results in 
terms of a migration constant which gives the amount of 
salt taken from the neighbourhood of one electrode as a 
fraction of the whole amount decomposed. It also ex- 
presses the ratio of the velocity of one ion to the sum of 
the opposite ionic velocities. All known results on the 
subject have been collected by T. C. Fitzpatrick in his 
tables of "The Electro-Chemical Properties of Aqueous 
Solutions," published in the British Association Report 
for 1893, and reprinted by permission in the appendix 
to this book. From these tables the following numbers 
are selected. They represent the migration constant for 
the anions. Thus CUSO4 '638 means that the velocity of 
the SO4 ion is to the sum of the two velocities as '638 : 1, 
and is therefore to the velocity of the Cu ion as '638 : '362. 

1 Fogg, Ann., 1863—9. VoL 89, p. 177, 98, p. 1, 103, p. 1, 106, pp. 
337, 513. 

> ZeiU.f. physikal Chemie, 1888, 2, p. 948. 
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Migration Constants, 



Sabstanoe 


Concentration of 
solation in gram 


Migration constant 
for anion 




equiyalents per litre 


Hydrochloric Acid 


•0128 


•210 




•33 


•161 




2-64 


•193 




734 


•319 


Potassium Chloride 


•03 


•503 




2^55 


•516 


Sodium Chloride 


•162 


•628 


Sodium Nitrate 


•125 


•615 




3-5 


•600 


Sulphuric Acid 


•126 


•206 


iH,SO, 


3-48 


•174 




10^8 


•288 


Sodium Sulphate 


•276 


•634 




M8 


•641 


Copper Sulphate 


•0846 


•638 


1 


•692 


•675 




1-962 


•724 


Cadmium Iodide in 


1 part in 1107 


2102 


Alcohol 


„ „ 37-23 


1^318 



The migration constant for cadmium iodide dissolved in 
alcohol shews that some unaltered salt must be conveyed 
through the solution, and has led to the supposition of 
the existence of complex ions. 

51. The Velocities of the Ions. Thus &om 
Hittorf 's migration constants we can find the ratio of the 
velocities of the two ions in any given case, but in order 
to find the absolute value of these velocities we must get 
some other relation between them. F. Kohlrausch 
pointed out^ that such a relation could be deduced firom a 
knowledge of the conductivity of the solution. 

1 WUd. Ann,, 1879, 6, pp. 1, 145, 1885, 26, p. 161 and 1893, 50, p. 885. 
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Let u and v be the ionic velocities of the kation and 
anion respectively, so that i^ + v is their relative velocity, 
that is the velocity with which they are dragged past each 
other by a certain electric force. This force will be 
measured by the rate at which the electric potential falls 
oflf per unit of length as we go from one electrode to the 
other — ^by what we may call the potential gradient, dV/dx. 

If there are N gram-equivalents of electrolyte in one 
cubic centimetre, when the ions travel past each other 
with a speed u + v, they cause a total quantity of 
electricity of N(u + v)/ff (see p. 112) to flow in one second 
across unit area normal to the direction of motion. But 
this is equal to the current per unit area, and since Ohm's 
law holds good for electrolytes (see p. 143) we can also put 
the current equal to k,dV/dx where k denotes the con- 
ductivity, i.e. the reciprocal of the specific resistance. 

.N ,dV 

vk dV .^.. 

^^ ^ + ^ = l^-dS (2^> 

17, the electrochemical equivalent of hydrogen, is 1*0352 

X 10^ ; for a potential gradient of one volt per centimetre 

(which is the unit most often used) we must put 

dV 

— = lO* cas. units, 

k 
so that for this gradient u + v=^ 10352 x 10* -^ . 

If n is the number of gram-equivalents per litre, 
w = 1000iV^and 

w + 1; = 1-0352 X 10^ ~ (26). 

In order to find k/n, which he called the molecular 
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conductivity, Kohlrausch made a long series of deter- 
minations of the specific electrical resistances of salt 
solutions. These will be fully described later (p. 145). 
At present we need only notice that, as the dilution 
increased, the values of kjn rose, approached a limiting 
value, and finally at very great dilution became constant. 
For very weak solutions, then, the value ' of i^ + 1; is a 
constant. Now if we know.w + t^, and also the ratio ujv, 
we can get absolute values for both velocities, and at 
great dilution these will be constants, independent of 
the concentration. Kohlrausch found, if he calculated 
the values of this limiting velocity for any one ion from 
observations on the solutions of two* or more substances 
containing it, that they came out the same. Thus the 
velocity of the chlorine ion was, at great dilutions, the 
same in solutions of the chlorides of potassium, sodium 
and lithium. This is shewn by the following table. 

Ionic Velocities in 10~* cms, per sec. at 18° C. calculated 
for a potential gradient of 1 volt per em} 





KCl 


NaCl 


LiCl 


n 


tt+t? 


u 
660 


V 

690 


ti + V 


u 


V 


w+t? 


u 
360 


V 

690 





1350 


1140 


450 


690 


1050 


0-0001 


1335 


654 


681 


1129 


448 


681 


1037 


356 


681 


0-001 


1313 


643 


670 


1110 


440 


670 


1013 


343 


670 


0-01 


1263 


619 


644 


1059 


415 


644 


962 


318 


644 


0-03 


1218 


597 


621 


1013 


390 


623 


917 


298 


619 


0-1 


1153 


564 


589 


952 


360 


592 


853 


259 


594 


0-3 


1088 


531 


557 


876 


324 


552 


774 


217 


557 


1-0 


1011 


491 


520 


765 


278 


487 


651 


169 


482 


3 


911 


442 


469 


582 


206 


376 


463 


115 


348 


5 








438 


153 


285 


334 


80 


254 


10-0 


1 










117 


25 


92 



1 Wied. Ann. 1893, 50, p. 886. 
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This fact enabled Kohlrausch to assign specific ionic velo- 
cities to many ions — velocities which depended only on the 
ion and the solvent through which it was travelling, and 
were independent of the nature of the other ion present. 
A list of Kohlrausch's latest values for these is given below. 
It shews the velocities with which the ions move through 
an infinitely dilute aqueous solution at 18° C, under a 
potential gradient of one volt, per centimetre. 





cms. 




cms. 


K 


66 X 10~* per sec. 


01 


69x10-* per sec. 


Na 


45 „ 


I 


69 


Li 


36 „ 


NO3 


64 


NH, 


66 „ 


Olf 


182 


H 


320 „ 


^AO. 


36 „ „ 


Ag 


57 „ 


^^H,0. 


33 



It is interesting to calculate the magnitude of the 
forces required to drive the ions with a certain velocity. 
If we have a potential gradient of one volt per centimetre, 
the electric force is 10^ in C.G.S. units. The charge 
of electricity on one gram-equivalent of any ion is 
1/*0001035 = 9653 units, hence the mechanical force 
acting on this mass is 9653 x 10® djnies. This, let us say, 
produces a velocity m, then the force required to produce 
unit velocity is 

„ 9-653 X 10" , 9-84 x 10» , ., . , , 

Pj^ = dynes = kilograms-weight. 



u 



u 



If the ion have an equivalent weight A, the force 
producing unit velocity when acting on one gram is 

10* 
Pi = 9'84 X -J- kilograms-weight. 
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Thus, in order to drive one gram of potassium ions with 
a velocity of one centimetre per second through a very 
dilute solution, we must exert a force equal to the weight 
of 38 million kilograms. 





Kilograms Weight j 




Kilograms Weight 




Pa 


Pi 




Pa 


Pi 


K 


15 X 10» 


38 X 10« 


CI 


14 X W 


40 X 10" 


Na 


22 „ 


95 „ 


• I 


14 „ 


11 » 


la 


27 „ 


390 „ 


NO, 


15 „ 


25 „ 


NH, 


15 „ 


83 „ 


orf 


5-4 „ 


32 „ 


H 


3-1 „ 


310 „ 


C.H3O, 


27 „ 


46 ,; 


Ag 


17 „ 


16 „ 


cXo. 


30 „ 


41 „ 



Since the ions move with uniform velocity, the frictional 
forces brought into play must be equal and opposite to 
the driving forces acting, and therefore these numbers 
also represent the ionic firiction coeflScients in very dilute 
solution at 18° C. 

From a table of ionic velocities, we can, by the help 
of equation (26), calculate the molecular conductivity of 
any given solution, and the agreement with observation 
of numbers so deduced gave the first confirmation of 
Kohlrausch's theory. Instead of using the ionic velocities 
deduced fix)m the limiting values of the molecular 
conductivities, we can calculate them for solutions of finite 
strength, and as long as the solutions are fairly dilute, the 
numbers so obtained for any one ion, though less than 
the limiting values, will still be sensibly the same for all 
solutions containing that ion. We can then calculate the 
conductivity of any given solution of the same concen- 
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tration and compare the result vrith observatioiL Thus 
Kohlrausch gives a table of velocities of ions in solutions 
containing one tenth gram-equivalent of electrolyte per 
litre, and then calculates the conductivity of diffei*ent 
solutions of that strength containing those ions. The 
• numbers all agree with observation for well conducting 
solutions like those of mineral salts and acids, but in the 
case of substances whose molecular conductivity varies 
greatly between a strength "of one tenth gram-equivalent 
per litre and infinite dilution, the effect of concentration 
is so great that no agreement is obtained; thus acetic 
acid should give a value of 3168 x 10~", while the 
observed number is 46 x 10~" for this strength, and only 
rises to 1386 x 10~" for a strength of one hundred 
thousandth of a gram-equivalent per litre. 

If we examine Kohlrausch's theory in order to find 
some explanation of this discrepancy, it appears that it 
could be due to one of two causes. Either the velocities 
of the ions must be much less in these solutions than in 
others, or else only a fractional part of the number of 
molecules present can be actively concerned in conveying 
the current. We shall return to this point later. 

The first direct experimental determination of the 
speed of an ion was made by Oliver Lodge*. A horizontal 
glass tube was filled with agar-agar jelly, in which sodium 
chloride was dissolved, with just enough caustic soda 
added to make it alkaline and bring out the red colour 
of a little phenol-phthallein. The ends of the tube were 
immersed in two vessels containing dilute sulphuric acid 

1 B. A, Report, 1886, p. 393. 
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A current of electricity was then passed from one vessel 
to the other through the tube. The hydrogen ions of the 
sulphuric acid travel with the current, and when they 
enter the tube, displace the sodium ions, which are also 
moving in the same direction, and form hydrochloric acid. 
This decolourises the phenol-phthallein, and thus the 
motion of the hydrogen along the tube can be traced. 
Lodge found, as the results of three experiments, that the 
velocity of the hydrogen ion came out 0*0029, 0'0026 and 
0*0024 cms. per second, under a potential gradient of one 
volt per centimetre. If these numbers are compared 
with Kohlrausch's calculated values 0*0032 for infinite 
dilution, or 0*0028 for a decinormal solution, it will at 
once be seen how striking the agreement is. 

The present writer* has determined the velocity of a few 
other ions by another method. Suppose 
we have two solutions like copper chloride 
and ammonium chloride, containing one ion 
jn common, and having nearly equal con- 
ductivities. Let one solution be coloured, 
and have a density difFerentfrom that of the 
other. The denser solution is first poured 
into the longer arm of a kind of U tube 
(see fig. 16), and then the other is allowed 
to flow gently on to its surface from the 
shorter arm. If a current is passed across 
the junction between the two solutions, it 
carries the copper and ammonium ions 
with it, and drives the chlorine ions in 

1 Phil, Trans., 1893, A. p. 337. 




Fig. 16. 
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the opposite direction. Since the colour depends on the 
presence of the copper ions, the boundary will travel with 
the current, and, by measuring its velocity, the speed of the 
ions under unit potential gradient can be calculated. The 
specific ionic velocities of copper and of the anion of 
potassium bichromate (the group OrjOy), determined in 
this way, were found to agree with the values deduced 
from Kohlrausch's theory. Measurements were also made 
with alcoholic solutions, the conductivities of which are 
much less than those of aqueous solutions of oorresponding 
strength, and again a satis&ctoiy agreement with theory 
was observed. The velocity of the hydrogen ion through 
sodium acetate has also been determined by a modification 
of Lodge's method \ In this case the hydrogen ion forme 
acetic acid as it travels, and it was found that, when 
travelling through a solution of sodium acetate in agar 
jelly of strength 0*07 gram-equivalent per litre, its ionic 
velocity was about 0000065 cms. per second. This 
great reduction in the speed of hydrogen shews that 
the ionic velodtiea are reduced in these ahnormal cases in 
<iboiU the same ratio as the conductivity. Our equation on 
p. 136 will therefore always give the conductivity of any 
solution, if we know the proper values to assign to the 
velocities of the ions. 

1 Phil Mag. 1894, 2, p. 892. 
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CHAPTER IX. 

ELECTRICAL PROPERTIES (contiliued). 

52. Resistance of Electrolytes. The investi- 
gation of the laws which govern the passage of currents 
through electroljiies, and of the relation between current 
and electromotive force, offers some diflSculties owing to 
the phenomena of polarisation. In the case of metallic 
conductors, it is found that the current produced is 
proportional to the electromotive force applied, and is 
given by i=EjR where iJ is a constant for any given 
conductor under fixed conditions, called its resistance. 
This is Ohm's law, which is proved by shewing that the 
measured resistance of a conductor is independent of the 
strength of the current passing through it. Now we have 
seen that no permanent current will flow through an 
electroljiiic cell unless the electromotive force applied 
exceeds a certain critical value, so that it appears at first 
sight that Ohm's law cannot hold. But, in order to 
apply the law, we must consider the effective electromotive 
force acting round the circuit, which is equal to the 
difference between the external applied electromotive 
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force and the reverse electromotive force due to the 
polarisation of the electrodes. When this is done, Ohm s 
law is found to still hold good. 

53. Szpeiimeiital Methods. Many attempts were 
made to measure the resistances of electroljiies before a 
satisfactory method was discovered. Horsford^ passed 
a current between two electrodes in a rectangular trough, 
then moved them nearer together, and determined the 
resistance of a wire which, when interposed in the circuit, 
reduced the current to its former value. Assuming that 
the polarisation is the same in the two cases (which, 
owing to migration, is diflScult to insure) the resistance 
of the wire is the same as that of a column of solution 
equal in length to the difference of the distances between 
the electrodes in the two positions. The method was im- 
proved by Wiedemann, who used as electrodes plates of the 
metal present in solution, and thus reduced polarisation. 

Beetz^ used an ordinary Wheatstone bridge arrange- 
ment, getting rid of nearly all polarization by making his 
electrodes of amalgamated zinc placed in a neutral 
solution of zinc sulphate. 

Since the electromotive force between any two points 
of a given circuit is proportional to the resistance be- 
tween them, the resistance of two parts of a circuit 
can be compared by comparing the electromotive forces 
between their ends. In this way Bouty' examined 
many solutions ; he placed them in the inverted U tubes 

1 Fogg. Ann., 1847, 70, p. 238. ^ p^gg^ ^^n.^ 1862, 117, p. 1. 

^ Ann, de Chemie et de Physiqtte 1884, iii. 



CH. IX] 



CONDUCTIVITY OF ELECTROLYTES. 



145 



a and 6 (fig. 17), the legs of which dipped in larger volumes 
of the same solutions placed in porous pots. These 
porous pots were immersed in larger cells filled with zinc 
sulphate solution, and connections were made with siphons 




1 



a 





Fig. 17. 

filled with the same liquid, as shewn in the diagram. The 
main electrodes E and E* were of amalgamated zinc, and a 
curi'ent was passed between them. Two tapping electrodes 
were constructed, each consisting of a zinc rod in sulphate 
of zinc solution placed in a Woulffe s bottle, with a thin 
siphon tube coming out of one neck to make connection 
with the liquid in either of the cells. In this way the 
electromotive forces between the ends of a and h were 
compared. The only polarisation is at the contact of the 
different solutions outside and inside the porous pots. 

The best measurements of the resistances of electro- 
lytes hitherto made are due to Kohlrausch\ In order to 
avoid the effects of polarisation, alternating currents 
(that is currents whose direction is constantly being re- 

1 Fogg. Ann., 1869, 138, pp. 280, 370 ; 1873, 148, p. 143 ; & 1874, J. p. 290. 
W. S. 10 
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versed) are used The electromotive force of polarisation 
is thus rapidly reversed, and never reaches its full magni- 
tude. Still, unless proper precautions are taken, polari- 
sation is produced by such a small amount of chemical 
decomposition that, even with alternating currents, its 
effect is important, and the •resistance as measured is 
found to depend on the rate of alternation. It was found 
that the products of the decomposition of -^ milligram 
of water on two platinum plates, each having an area of 
one square metre, gave an electromotive force of about one 
volt, and that the electromotive force of polarisation was 
proportional to the surface density of the deposit : it can 
therefore be made as small as we please by increasing the 
area of the electrodes. The effective area can be made 
much larger by coating the electrodes with platinum- 
black. This is done by passing a current backwards and 
forwards between them through a dilute solution of 
platinum chloride containing free nitric acid. 

It has been usual to employ the alternating currents 
given by a small induction coil, and to adjust a Wheatstone's 
bridge till the sound given by the telephone, used as indi- 
cator, was a minimum. Various disturbing causes must, 
however, in that case, be taken into account or eliminated. 

f 

Thus the self-induction of the circuit produces an effect. 
This is opposite to that of polaiisation, and, by proper 
adjustments, can be made to balance it\ The electro- 
static capacity of the apparatus is also of importance^ 

1 Ene. Brit,, Art. ** Electricity," or B. A. Report, 1886, p. 384. 
' See Chaperon, Compt. Rend, 1889, 108, p. 799, and Kohlrausch, 
ZHU.f, physikal. Chem. 1894, 15, p. 126. 
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A modification of the method, described by Fitzpatrick^ 
and now in constant use at Cambridge, eliminates all such 
periodic disturbances. The current from one or two 
Leclanch6 cells is led to an ebonite drum, which is kept 
revolving at a very uniform rate by means of a turbine. 
This is driven by a water supply carefully kept at constant 
pressure. On the drum are fixed brass sectors, with wire 
brushes touching them in such a manner that the current 
is reversed several times in each revolution. The wires 
from the drum are then led to an ordinary resistance box, 
and connected in the same way cus the battery wires of a 
Wheatstone's bridge. A reflecting galvanometer is used 
as indicator, and, on the back of the drum, there is 
another set of sectors, arranged to periodically reverse the 
galvanometer connections, so that any residual current 
always flows through it in the same direction. These 
sectors are rather narrower than the others, so that the 
galvanometer circuit is made just after the battery circuit 
is made, and broken just before the battery circuit is 
broken. The needle of the galvanometer is loaded with 
lead ; its moment of inertia is therefore considerable, and 
its period of vibration very long compared with the period 
of alternation of the current. This prevents the slight 
residual effects of polarisation, and of other periodic dis- 
turbing causes, from sensibly affecting the galvanometer. 
When the measured resistance keeps the same on in- 
creasing the speed of the turbine and changing the 
ratio of the arms of the bridge, the disturbing effects may 
be considered to be eliminated. 

^ B.A, Report, 1886, p. 328. 

10—2 
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Various shaped vessels are used to contain the electro- 
lytes ; a convenient form is represented in fig. 18. A glass 



t 





Fig. 18. 

tube, about an inch or an inch and a half in diameter, has 
a tube sealed in at one side through which a thermometer 
can be inserted, and a stout platinum wire carrying a 
platinum plate sealed through each end. Little tubes to 
hold mercury are fixed over the protruding ends of these 
wires, and, in this way, connection is easily made with the 
Wheatstone's bridge. The constant of the cell is deter- 
mined once for all by measuring in it the resistance of a 
standard solution. From the observed resistance of any 
solution in the cell, we can then calculate the resistance 
of a centimetre cube, which is called the specific resistance. 
The reciprocal of this, the specific conductivity, is a more 
generally useful constant. As the temperature coeflScient 
is large (it is about two per cent, per degree for moderately 
dilute aqueous solutions of common salts or acids), it is 
necessary to keep the cell in a paraffin bath, and observe 
the temperature with some accuracy. 
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54. Ezperimental Results. Kohlrausch expressed 
his results in terms of molecular conductivity, that is the 
conductivity (k) divided by the number of gram-equi- 
valents of electroljiie per litre (w). He finds, that, as the 
concentration diminishes, the value of k/n approaches a 
limit, and, if the dilution is pushed far enough, becomes 
constant, that is to say, that at great dilution the con- 
ductivity is proportional to the concentration. Kohlrausch 
established this by preparing very pure water by careful 
distillation. He found that the resistance of the water 
continually increased as the process of purification pro- 
ceeded. The conductivity of the water, and of the slight 
impurities which must always remain, was subtracted from 
that of the solution, and the result, divided by n, gave the 
molecular conductivity of the substance dissolved. This 
appears justifiable, for, as long as conductivity is pro- 
portional to concentration, it is evident that each part of 
the dissolved matter produces its own independent effect, 
so that the total conductivity is the sum of those of the 
pailis, and when this ceases to hold, the conductivity of the 
solution has, in general, become so great that that of 
the solvent is negligible. 

The general result of these experiments can be 
graphically represented by plotting k/n as ordinates, and 
n* as abscissae; n^ is a number proportional to the re- 
ciprocal of the average distance between the molecules — 
to which it seems likely that the molecular conductivity 
will be closely related The general form of the curves 
for a neutral salt, and for a caustic alkali or univalent 
acid (like HCl) are shewn in fig. 19. The curve for 
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the neutral salt comes to a limiting value, while that 
for the acid attains a maximum at a certain (very 
small) concentration, but when the dilution is pushed 
to extreme limits, it falls again. This Kohlrausch con- 
sidered to be due to chemical action between the acid 
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Fig. 19. 

and the residual impurities in the water, which, at such 
great dilution, are present in quantities quite comparable 
with the amount of acid. He therefore considered the 
maximum value to be the limit in the case of acids. It 
will be seen from our tables in the appendix that the 
values of the molecular conductivities of all neutral salts 
are, at great dilution, of the same order of magnitude, 
while those of acids at the maximum are about three 
times as great. The influence of increasing concentration 
is greater in the case of salts containing divalent ions than 
for those composed only of univalent ions, and greatest 
of all in such cases as ammonia and acetic acid, which 
hardly conduct any better in strong solutions than in weak. 
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The most important results of Kohlrausch's work are — 

1. The proof of Ohm's law for electroljrtes. 

2. The fact that the conductivity of dilute solutions 
can be represented as the sum of two independent factors, 
each of which depends on one of the ions only, and the 
consequent possibility of determining the ionic velocities 
by the method described in Chapter VIII. 

55. OonwquenceB of Ohm^s Law. A direct 
proof of Ohm's law for electrolytes has also been given by 
Fitzgerald and Trouton^ who shewed that the measured 
resistance was independent of the strength of the current, 
The agreement with the law is a fact of great interest. 
Since any electromotive force, even if very small, must be 
able to produce a corresponding current, there can be no 
appreciable reverse electromotive forces in the interior of 
an electrolyte, and no appreciable amount of chemical work 
can be there done by the current. It follows either that 
the function of the current is merely directive — ^that it 
controls the direction of the motions of the ions which it 
already finds continually interchanging their partners— or 
else that the work done in tearing one molecule asunder 
is exactly equal to that given back in the formation of the 
next. 

The first of these hypotheses was advanced by 
Clausius' to explain the facts of electrolysis, and, as it is 
the one generally adopted, we will examine the evidence 

for it in some detail. If two solutions containing the salts 

« 

^ B. A. Report, 1886, p. 312. 
3 Pogg. Ann,, 1857, 101, p. 888. 
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AB and CD are mixed, double decomposition is found to 
occur — AD and CB being formed. This goes on till a 
certain part of <the first pair of substances has been 
transformed into an equivalent amount of the second pair. 
The proportions between the four salts AB, CD, AD and 
CjB, which finally exist in solution, are found to be the 
same whether we begin with AB and CD or with AD and 
CB. The phenomena were found by Guldberg and Waage 
to be fully represented by a theory which supposed that 
both the change from AB and CD into AD and CB, and 
the reverse change from AD and CB to AB and CD were 
always going on, the quantities transformed per second 
being proportional to the product of the active masses of 
the original substances and to a coeflScient k, which ex- 
presses the aflSnity producing the reaction. If the active 
masses of AB, CD, AD, CB are p, q, p\ q' respectively, and 
k and A' the two coefficients of affinity, we get for the 
rate of transformation oi AB and CD into AD and CB 

kpq, 

and for the velocity of the reverse change 

kyq\ 

When there is equilibrium, these two rates of trans- 
formation must be equal and opposite, and we get 

hpq^k'p'i (27). 

The results of this equation have been experimentally 
confirmed for many cases, and the view here taken of 
double decomposition is universally admitted to be a true 
one. But in order that this process of chemical change 
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in opposite directions should continually go on, it is 
obviously necessary that perfect freedom of interchange 
should exist between the parts of the molecules, so that, 
here again, we are forced to believe that a series of 
perpetual separations and reunions is going on among 
them. This hypothesis was first advanced from the 
chemical side by Williamson* in order to explain the 
process of etherification. 

A study of chemical changes shews us that it is always 
the electrolytic ions of a salt that are concerned in the 
reactions. The tests for a salt, potassium nitrate for 
example, are the tests not for KNO,, but for its ions K 
and NOs, and in cases of double decomposition, it is always 
these ions that it exchanges for those of other substances. 
That this is the case is shewn by the ferct that, if an 
element is present in a compound otherwise than as an 
ion, it is not interchangeable, and cannot be recognised 
by the usual tests. Thus neither the chlorates, which 
contain the ion CIO,, nor monochloracetic acid, shew the 
reactions of chlorine, although of course it is present in 
both ; and the sulphates do not answer to the usual tests 
which indicate the presence of sulphur as sulphide. 

It seems certain, then, that the parts of the molecules 
in solution are continually changing partners, that the 
electroljiiic ions are also the parts which enter into 
chemical combinations, and that the effect of a current 
is merely so to control the direction of these decom- 
positions and recompositions, that, on the whole, a stream 
of positively electrified ions travels in one direction, and 

1 Chem, Soc, Journal, 1862, 4, 110. 
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a stream of negatively electrified ions in the other. As 
far as we have gone, there is no evidence to shew that the 
ions remain dissociated for any appreciable time, the 
reasoning given above only goes to prove that there is 
freedom of interchange. This freedom may only exist in 
the case of those molecules which the kinetic theory 
teaches us will, at any instant, happen to be moving with 
a velocity so much greater than the average, that, on col- 
liding with another molecule, the impact is violent enough 
to produce dissociation, and make rearrangement possible. 
So much seems to foUo^r from the truth of Ohm's 
law and the phenomena of chemical action. There is 
further evidence, which we shall discuss later (see Chap. 
XI.), that the ions remain dissociated, or at all events 
keep a certain amount of freedom, throughout a con- 
siderable fractional part of their existence. 

56. Influence of Concentration on Conduc- 
tivity. The tables given in the appendix shew at once 
that the molecular conductivity of solutions falls off as 
the concentration increases, that is to say, the conductivity 
does not increase as fast as the concentration, so that the 
effect of each successive increase in the amount of salt 
dissolved becomes less. How are we to explain this ? It 
follows from the experimental determination of the velocity 
of the hydrogen ion in acetic acid solutions, described on 
page 142, that the immediate cause of the reduction in 
molecular conductivity is a reduction in the velocities 
of the ions. It is true that the viscosity of a solution 
increases with the concentration, so that the frictional 
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resistance to the motion of the ions may become greater, 
but this is a small change, insufficient to explain the 
marked decrease in molecular conductivity, and Arrhe* 
nius^ has shewn that, at any rate in many cases, there 
is no proportionality between viscosity and electrical re- 
sistance. We can, however, imagine another way in which 
the average velocities of the ions might be reduced : viz. 
by supposing that the ions are only able to move during a 
part of their time, so that each molecule in solution 
becomes in turn active and inactive. 

57. DiMOciation Theory. A theory of electro* 
lysis, which has been framed by Arrhenius, Ostwald and 
others, supposes that a substance is chemically active only 
when dissociated, in which state the ions are to some 
extent free from each other. In the language of this 
" Dissociation Theory " the freedom of interchange which 
we know to exist among the ions, is secured, not by the 
momentary dissociation and consequent rearrangement at 
the instant of collision of the molecules, as described on 
page 154, but by the continued freedom of. the ions for a 
considerable part of their existence. Dissociation and re- 
composition are continually going on, and a substance is 
active only while its ions are dissociated and able to move. 
An ion will, at one instant, be combined with another, form- 
ing an inactive molecule, at another, be travelling freely 
through the liquid under the influence of the electric forces, 
and, at a third, combined with a fresh one of the opposite 
kind to form a new inactive molecule. Dissociation is 

^ B, A. Report, 1886, p. S44. 



156 SOLUTION AND ELECTROLYSIS. [CH, IX 

possibly caused by collisions as Clausius supposed, but 
Arrhenius says that the ions do not at once recombine with 
others as the older theory imagined. We shall see later 
(§ 79) that the forces between atoms are much reduced by 
solution in a solvent of high specific inductive capacity, 
which will give greater freedom, and that there is some 
reason to suppose that the ions, when free from each 
other, are combined with the solvent molecules, which 
pass them on from one to the other through the liquid, 

58. Ionization. The dissociation theory will be 
considered in greater detail later, it is only introduced 
here to give some idea of how ions can be in turn active 
and inactive. But though the most obvious, it is not the 
only way in which such a result could be secured. The 
activity of a molecule might be due to a particular ar- 
rangement of complex structures formed with other mole- 
cules, either of the substance dissolved or of the solvent, 
in which state alone transference of ions could occur, or it 
might be that the contact of two molecules in a particular 
position was the necessary condition for interchange of their 
ions. In either of these ways it could be managed that a 
part only of the dissolved substance should be at any 
moment in a state of electrolytic activity, which is all that 
is necessary to produce the diminution of ionic velocity 
which we require. Instead of using the word "dissociation '» 
to express the active state of a molecule, we shall use, at 
Fitzgerald's suggestions the term " ionisation." Even if 
the process of ionisation does consist in giving a certain 

1 B, A, Report, 1890, p. 142. 
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amount of freedom from chemical chains to the parts of a 
molecule, it is certain that the ions so produced are not in 
the same electrical or chemical state as the elements 
would be if they were dissociated from each other by 
ordinary chemical processes, and it would be better to 
restrict the term "dissociation" to such cases as the 
resolution by heat of solid ammonium chloride into 
gaseous ammonia and hydrochloric acid. 

59. Influence of Concentration on loniiatlcn. 

We have now found a way in which the ionic velocities, 
and consequently the molecular conductivity, of a solution 
may be reduced, and we can, therefore, return to the con- 
sideration of the effect of increasing concentration. In the 
normal case, in which the molecular conductivity tends to 
a limiting value at great dilution, we can suppose we have 
got all the contents of the solution in a state of activity. As 
the concentration increases, and the molecular conductivity 
gets less, the proportion of active molecules continually 
decreases, so that the ratio of the number of active to the 
whole number of molecules is the same as the ratio of the 
molecular conductivity at the given concentration to that 
at infinite dilution. ' This ratio (a) can be called the 
coefficient of ionisation, and its value, for any given 
solution, is 

where fi represents the molecular conductivity of the 
solution, and /a^ its value at infinite dilution. The 
following table gives Kohlrausch's results for a solution 
of potassium chloride. 
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n 


txxKfi 


a 


0-0 


1296 


1-00 


•0001 


1285 


•99 


•0006 


1275 


•98 


•001 


1268 


•98 


•006 


1235 


•95 


•01 


1219 


•94 


•03 


1178 


•90 


•I 


1113 


•86 


•5 


1018 


•78 


1-0 


977 


•75 


30 


879 


•68 



60. Resistance of Liquid Films. Reinold and 
Rticker^ have investigated the electrical resistance of thin 
soap films. By examining the effect on interference 
phenomena of passing one of the interfering rays of light 
through a tube across which several films were stretched, 
they were able to measure the thickness of the films with 
considerable accuracy. This method assumes that the 
index of refraction of a film is the same as that of the 
liquid in bulk, but reasons are given to justify this 
assumption. It was found that, when films were prepared 
which, like the central spot of Newton's rings, looked 
black by reflected light, the thickness was constant for any 
given liquid. If some salt was added to the liquid, the 
thickness decreased; thus the following table shews the 
thickness in micro-millimetres (metre x 10~^^), of films 
of 1 part of hard soap in 40 parts of water with varying 
amounts of potassium nitrate. 



1 Phil Trans,, 1893, 1, p. 606. 
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Optical Method, 

Percentage of KNO3 3 1 0*5 

Thickness in fifjL 12-4 13*5 14-5 321 

If the specific resistance of the film is the same as that 
of the liquid in bulk, we ought to be able, by measuring 
the resistance of a film of known size, to get values for the 
thickness, agreeing with these numbers. It was found 
that, as long as the amount of salt present was greater 
than 3 per cent., the results of the two methods agreed, 
but if the proportion was less than this, the electrical 
method gave a greater value than the optical. 

Electrical Method. 

Percentage of KNO3 3 2 1 0*5 

Thickness in /a/a 10*6 12-7 24-4 26*5 154 

Thus the conductivity of a thin film is much greater 
than that of the liquid in bulk when the concentration 
is very small, but, as the concentration increases, the 
conductivity more and more nearly approaches the normal 
value, which it reaches when the strength of solution 
is about two or three per cent. 

We cannot explain this phenomenon by supposing 
that the surfece tension increases the ionisation, because 
it is in the case of very dilute solutions, where the 
ionisation is already nearly complete, that the effect is 
most marked. The ionic fiiction may, however, be less, 
and the ionic velocities greater, in the surface layer than 
in the bulk of the liquid. 

6 1 . Electrical Endosmose. If we pass an electric 
current through a cell divided into two compartments by 
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means of a porous partition and filled with some solution, 
we shall, in general, find that, as well as alterations in the 
contents of the solutions round the electrodes, there is a 
bodily transfer of the liquid — usually in the direction of 
the current — through the porous plate. To this pheno- 
menon the name of electric endosmose is given. It has 
been experimentally studied by Wiedemann^ and Quincke^. 
If the pressure be kept the same on both sides of the 
partition, the volume of liquid which flows through, as 
measured by the overflow, is proportional to the whole 
quantity of electricity which has passed, and is inde- 
pendent of the area and thickness of the porous plate ; it 
varies much with the nature of the solution, being greater 
with liquids of high specific resistance, and, in solutions 
of any one substance of different strengths, is approxi- 
mately proportional to the specific resistance. 

If we do not allow the liquid to overflow, but measure 
the final pressure reached, we find that this pressure 
varies directly as the strength of the current, inversely 
as the area of the porous wall, and directly as its thickness. 
In this case, the flux of liquid due to the electric forces 
must be equal and in the opposite direction to that caused 
by the difference in hydrostatic pressure. 

A mathematical theory of the subject has been given 
by von Helmholtz', on Quincke's assumption of a constant 
difference in potential at the surface of contact between 
the liquid and the walls of the little tubes which run 
through the porous partition. 

1 See Elektrkitdt, Bd. II., p. 166. ^ p^gg^ ^nn., 1861, 113, p. 513. 

3 Wied. Ann., 1879, 7, p. 337. 
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Such a discontinuity in potential must produce an 
^'electrical double layer" — that is a charge of one kind 
of electricity on the walls of the tube, and an equal 
charge of the opposite kind on the nearest film of liquid. 
The latter charge is acted on by the external electric forces, 
and the liquid is dragged through the tube by its skin. 
When a difference of pressure is allowed to develop, one 
current of liquid is dragged forward along the walls, and 
another flows back down the centre of each little tube, 
and, when a stationary state is reached, the volumes 
flowing in these two currents are equal and opposite. 
From these ideas Helmholtz deduced all the observed 
laws of electric endosmose, and calculated that the contact 
differences of potential, which would produce the observed 
effects, are comparable with the electromotive force of a 
Danieirs cell. A modification of Helmholtz*s theory has 
been given by Lamb^ allowing for some slight slip between 
the liquid and the walls of the tubes. 

A similar contact difference of potential will explain 
the motion of fine particles of clay or other material 
through water or other liquids under the influence of an 
external electromotive force. Details of observations on 
these phenomena will be found in the fourth chapter of 
the second volume of Wiedemann's " Elektridtdt" 

1 B. A. Report, 1887, p. 495. 
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CHAPTER X. 

CONNECTION BETWEEN ELECTRICAL AND OTHER 

PROPERTIES. 

63. Conductivity and Chemical Activity. It 

was noticed by Hittorf that there was a very close 
connection between chemical activity and electrical con- 
ductivity, but the exact numerical agreement was first 
pointed out by Arrhenius^ 

It is found that the constant k, which we have used 
on p. 152 to express the "affinity** detennining the rate 
of transformation of two compounds AB and CD into 
AD and (7J5, and likewise the constant ¥, which controls 
the reverse action, can each be considered as the product 
of two factors, one measuring a characteristic property 
of each of the reacting bodies. This leads to the idea of 
"specific coefficients of affinity," which is of the utmost 
importance in the modem theory of chemistry, and is 
based on the fact that the relative affinities of different 
acids are the same, whatever the nature of the action by 
which they are compared. 

By measuring the heat evolved during the action, 
Thomsen determined how much of the sodium salt of one 

^ **Recherohe8 snr la condnotivit6 galvanique des l^lectroljtes," 
Stockholm, 1883. Abstract in B. A. Report, 1886, p. 357. 
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acid was decomposed by another, which gives the ratio in 
which the base is shared by the acids. Ostwald* investi- 
gated the relative affinities of acids for potash, soda, and 
ammonia, and proved them to be independent of the base 
used. The method employed was to measure the changes 
in volume caused by the action. His results are given 
in column I. of the table on p. 164, the affinity of 
hydrochloric acid being taken as one hundred. 

Another method is to allow some acid to act on an 
insoluble salt, and to measure the quantity which goes 
into solution. Determinations have been made with 
calcium oxalate Ca0aO4 4- HjO, which is easily decomposed 
by acids, oxalic acid and a soluble calcium salt being 
formed. The affinities of acids relative to that of oxalic 
acid are thus found, so that the acids can be compared 
among themselves. Their relative affinities as thus 
measured are given in column II. of the table. 

If an aqueous solution of methyl acetate is allowed 
to stand, a very slow decomposition into alcohol and acid 
goes on. This is much quickened by the presence of a 
little dilute acid, though the acid remains unchanged. It 
is found that the influences of different acids on this action 
are proportional to their specific coefficients of affinity. 
The results of this method are given in column III. 

Finally in column IV. the electrical conductivities of 
normal solutions of the acids have been tabulated. A 
better basis of comparison would be the ratio of the actual 
to the limiting conductivity, but, since the conductivity 

^ Lehrhuch der Allg, Chemie, 

11—2 
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of adds is chiefly dae to the hydrogen, its limiting value 
is nearly the same for all, and the general result of the 
comparison would be unchanged. 

The £ict, which we have already noticed, that the 
electrolytic conductiyity of solutions of mineral adds 
attains a maximum value, shewing that the ionisation is 
complete, corresponds to the phenomena observed in the 
case of their chefhical affinitiea The value of these for 
hydrochloric, nitric and other strong acids is practically 
the same, and cannot by any means be increased. Thus 
Ostwald has found that the introduction of oxygen, 
sulphur or a halogen, which increases the affinity of a 
weak acid (compare acetic acid with the three chloracetic 
acids), has no effect «on the affinity of these strong acids. 
The limit has evidently been reached, and the whole 
substance obtained in a state of activity. In each column 
of the following table the number for hydrochloric acid 
has therefore been made equal to 100. 



Aoid 



Hydrochloric 

Nitric 

Sulphuric 

Formic 

Acetic 

Propionic 

Monochloracetic 

Dichloracetic 

Trichloracetic 

Malic 

Tartaric 

Succinic 



I 


II 


in 


IV 


100 


100 


100 


100 


102 


110 


92 


99-6 


68 


67 


74 


65-1 


4-0 


2-6 


1-3 


1-7 


1*2 


1-0 


0-3 


0-4 


M 




0-3 


0-3 


7-2 


5-1 


4-3 


4-9 


34 


18 


23 


25-3 


82 


63 


68-2 


62-3 


30 


5*0 


1-2 


1-3 


6-3 


6-3 


2-3 


2-3 


0-1 


0-2 


0-5 


0-6 
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It must be remembered that, the sblutions not being 
of quite the same strength, these numbers are not strictly 
comparable, and that the experimental difficulties in- 
volved in the chemical measurements are considerable. 
Nevertheless, the remarkable general agreement of the 
numbers in the four columns is quite enough to shew the 
intimate connection between chemical activity and electrical 
conductivity. We may take it, then, that only that portion 
of a body is chemically active which is electrolytically 
active — that ionisation is necessary for chemical activity 
just as it is necessary for electrolytic conductivity. 

63. Conductivity and Osmotic Pressure. During 
our examination of the phenomena of osmotic pressure 
and its consequences — the lowering of vapour pressure, 
and the depression of the freezing point — we noticed 
that the values for solutions of electrolytes were in 
all cases abnormally great. As more investigations have 
been made on the depression of the freezing point than 
on the other correlated properties, and as the experi- 
mental error is probably less in this case, we shall at first 
confine ourselves to it. In order to shew the intimate 
relation which exists between the abnormal osmotic 
pressures, as measured by the depression of the freezing 
point, and the electrical conductivity, we must suppose 
that every electrolj^ically active molecule produces an 
abnormally great osmotic pressure, and that its effect is 
proportional to the number of ions into which it can be 
resolved. Thus the effect of an active molecule of KCl is 
twice that of an inactive one, and the effect of a molecule 
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of HaS04 (which gives two H ions and one SO4 ion) is, 
when in a state of ionisation, three times as great as that 
of the normal. If then, in a certain solution, we have m 
.inactive and n active molecules, each of the latter giving 
k ions, the total osmotic pressure produced will be propor- 
tional to m-^hay whereas the normal osmotic pressure 
would be proportional to m + ^ By measuring the con- 
ductivity we can (see p. 157) find the fractional number of 
molecules which is at any moment active. Let us call it a. 

Now a=s 



w + w 



so that, if the ratio of the actual osmotic pressure to 
the normal is called t, 

»- — — = l4-(&-l)a (28). 

This same ratio can also be found by direct experiment 
on the depression of the freezing point, for by Van 't 
Hoffs equation (14 on p. 67) we know the normal value, 
and if ^ be the observed depression for a solution of one 
gram-equivalent per litre, 

t 



» = 



1-89* 



We can thus compare the value of i as directly 
determined by observations on the freezing point, with its 
value as calculated from the conductivity. The following 
table is part of that given by Arrhenius^ for aqueous 
solutions. 

1 ZHU, fUrphysihaU ChenUe, 1SS7, ii, p. 491. 



Substance dissolved 



A. Non-Ckmd/wsioTs, 

Methyl alcohol 
CH3OH 

Ethyl alcohol 
CgHgOH 

Phenol 
CeH^.OH 



Cane sugar 



B. Electrolytes, 
Lithium hydrate 
Li OH 

Acetic acid 
CH3COOH 

Phosphoric acid 
H3PO4 

Sodium chloride 
NaCl 



Silver nitrate 
AgNO, 



No. of gram- 
equivalents 
per litre 



% observed 
from freez- 
ing points 



{ 



{ 



Potassium sulphate] 
KaSO^ I 



Calcium chloride 
CaClg 



Copper sulphate 



0-1 

0*486 

0-97 

0-126 

0-62 

1*24 

0-101 

0-216 

0-668 

0-00234 

0-0446 

0-0947 

0-316 

0-809 

1-01 

0^127 

0-317 

0-136 

0-337 

0-842 

0-077 

0-146 

0-319 

0-0467 

0-117 

0-194 

0-539 

0-066 

0-140 

0-341 

0*0364 

0-091 

0-227 

0-465 

0-0476 

0-119 

0-199 

0-331 

0-0393 

0-112 

0-264 

0-523 

0-973 



0*97 

0*96 

1-00 

0-97 

1-01 

1-05 

0-96 

0-96 

0-93 

1-2671 

1-08 

Ml 

1-12 

1^34 

1-43 

1-98 
1-89 
1-05 
1-04 
1-01 
1-38 
1^27 
1^22 
2-00 
1-93 
1-87 
1-86 
2-02 
1-90 
1-77 
2-68 
2-35 
2-21 
2-04 
274 
2-62 
2-66 
2*73 
1-33 
1-15 
1^03 
0-94 
0-92 



i calcu- 
lated from 
conduc- 
tivities 


a coeffi- 
cient of 
ionisation 


\ 


\ 


^ 1^00 


- 




) 


1^90 


•90 


1^86 


•86 


1^01 


•01 


1^01 


•01 


1-00 


-00 


1-32 


•11 


1-25 


•08 


1*20 


•07 


1-88 


•88 


1-84 


•84 


1-82 


•82 


1-74 


•74 


1*86 


-86 


1-81 


•81 


1-73 


•73 


2-45 


•72 


2-33 


•66 


2-18 


•69 


2-06 


•63 


2-52 


•76 


2*42 


•71 


2-34 


•67 


2-24 


•62 


1*41 


•41 


1-34 


•34 


1^27 


•27 


1-22 


•22 


1-18 


•18 



1 Jones. ZtiU, filrphytikal. Chemie, 1898, 12, p. 642. 
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Another way of tracing the connection between the 
two effects is to compare the coeflScient of ionisation 
calculated from the depression of the freezing point with 
its value as found from the conductivity. The following 
table is given by H. C. Jones \ 







Coefficient of lonisation 




Concentration 






Substance 


in gram- 
molecules 
per litre 


Eohlrausch's 

result from 

conductivity 


Jones* result 

from.depression 

of freezing 

point 


( 


0002 


1-00 


0-984 


HC1(m.=3455) \ 


001 


0-989 


•958 


I 


0-1 


0^939 


•886 


( 


0-003 


0-898 


•860 


H8SO,(m»=3342) \ 


0-005 


0-854 


•838 


I 


0-05 


0-623 


•607 


r 


0-002 


1-00 


•984 


HN08(/x„ = 3448) \ 


001 


0^985 


•968 


( 


0-1 


0^935 


•878 


H,PO,0..=977) j 


0-002 
0-01 


0-878 
0-635 


•852 
•688 


^ 


0-002 


1-00 


•984 


KOH0i,=2141) . 


0-01 


0-992 


•937 


\ 


0-1 


0-928 


•831 


/ 


0-002 


0-989 


•984 


NaOH(fi„ = 1880) \ 


•01 


0-996 


•937 


( 


-05 


0-904 


•884 


/ 


0-006 


0-166 


•111 


NH4OH0*.=700) j 


•01 


0130 


•069 


\ 


•05 


0-061 


•038 


/ 


0-003 


0-920 


•966 


K»C!O3 0«. = 1222) j 


•005 


0-886 


•960 


X 


•05 


0-719 


•775 


f 


0003 


0-914 


•963 


NajCO5 0*. = 1746) j 


•005 


0-860 


•969 


\ 


-05 


0-650 


•730 



Loomis^ finds that the molecular depression of the 

^ Zeits, fur physikal, Chemie, 1893, 12, p. 639. 
2 Wied, Ann, 1894, 61, p. 600. 
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freezing point agrees with that calculated from the con- 
ductivity in the case of solutions of sodium chloride, but 
that solutions of sulphuric acid and magnesium sulphate 
shew deviations from the theoretical results greater than 
can be accounted for by experimental errors. 

The general agreement between the observed and 
calculated results is, however, quite enough to shew the 
intimate connection of the electrical conductivity with the 
abnormal depression of the freezing point. The cases 
in which the conductivity is very low, such as solutions 
of ammonia and acetic acid, are most interesting, for it is 
in these also that the abnormal increase in the depression 
of the freezing point is very small. It seems certain that 
whatever is the cause of the conductivity of electrolytes 
is also the chief cause of the increase in the osmotic 
pressure. 



CHAPTER XL 



THEORIES OF ELECTROLYSIS. 



64. Introduction. In the preceding pages an 
account has been given of the experimental facts of our 
subject, and of those theoretical deductions which seem to 
necessarily follow from them. We have seen that an 
intimate relation exists between the conductivity of 
electrolytes and their other physical and chemical pro- 
perties. The quantitative agreement between the mole- 
cular conductivities, the abnormal value of the osmotic 
pressures, and the specific chemical affinities of electro- 
lytes, certainly shew that the peculiar condition which we 
have termed " ionisation " is the chief cause of them alL 
We shall now proceed to examine the theories which have 
been advanced in order to explain what is the real 
physical meaning of ionisation, but it should be remarked 
that no hypothesis advanced merely to explain observed 
facts, rests on the same sure ground as a theoretical idea 
which is a necessary consequence of those facts. Never- 
theless, a theory, from which deductions can be made 
agreeing in all respects with the observed phenomena, 
may continually increase the amount of evidence in its 
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favour, and, even if it does not represent the actual 
physical truth, must certainly be based on a deep-seated 
analogy, so that it cannot £ail to throw new light on the 
subject and point the way for further investigation. 

65. The Diflsociation Theory. The theory of 
electrolytes which has been worked out in the greatest 
detail is certainly that founded by Arrhenius, Kohlrausch, 
Ostwald and Nemst on Van 't HofiF's view of the nature 
of solutions. The fact that an indiflferent substance exerts 
in solution the same pressure as in a gaseous state leads, 
as we have seen, to the idea that the osmotic pressure, 
like that of a gas, is mainly due, in dilute solutions, 
to molecular impacts. 

It has been noticed abeady that solutions of salts, 
acids and alkalies, give greater values for the osmotic 
pressure and its consequences — the lowering of vapour 
pressure and the depression of the freezing point — than 
do the solutions of non-electroljrtes. This, it must be 
noticed, is the case even in dilute solutions, where the 
intermolecular forces must be small. It seems natural 
to attempt to explain these abnormal results by an 
extension of the ideas which have already proved so 
satisfactory in the normal cases. But, if we again refer 
the pressure to molecular impacts, we must still suppose 
that each molecule produces the same effect as before, so 
that, in the case of electrolytes, we must have in solution 
a number of effective pressure-producing particles greater 
than that indicated by the concentration. K we follow 
this line of argument, we are brought to the idea that a 
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large part of the number of molecules in solution must be 
dissociated, so that the number of eflfective particles is 
increased. Raoult found that, whereas the molecular de- 
pression of the freezing point for dilute aqueous solutions 
of indiflferent substances was 18*9, the result for potassium 
chloride was 33*6. If we are to explain this by means 
of molecular impacts, we must imagine that about 78 per 
cent, of the potassium chloride is dissociated into two 
parts. Substances which, like barium chloride (BaCla), 
can dissociate into three parts, give, in general, a de- 
pression of the freezing point nearly three times the 
normal. Thus barium chloride gives 48*6 — corresponding 
to a dissociation of 79 per cent. By examining Raoult *s 
table on page 64, it will be seen that no substance 
gives a value which exceeds that calculated from com- 
plete dissociation by more than an amount so small that 
it might be due to secondary eflfects or experimental 
errors: 

Exactly the same phenomenon is found in the case of 
direct determinations of osmotic pressure, and of the 
lowering of vapour pressure. Here again, in order to 
explain the behaviour of electrolj^es by the theory of 
molecular bombardment, we have to imagine a certain 
part of the molecules to be dissociated. The percentage of 
disi^ociation calculated from these eflfects agrees fairly well, 
in most cases, with that deduced from the freezing points. 
Differences occur, especially in stronger solutions, but it 
must be remembered that the experimental investigation 
of either of these phenomena presents greater diflSculties 
than the determination of the freezing point. In the direct 
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measurement of osmotic pressure, besides uncertainties 
already mentioned, the membrane may not be quite im- 
pervious to the &elt\ This would result in the .measured 
pressure being too low. In the determination of vapour 
pressure, the temperature is, in general, diflferent from that 
of the freezing point, and, in the theory of the subject, we 
have assumed certain relations which are only approxi- 
mately true. 

66. Chemical Properties. When we pass to the 
consideration of the chemical properties of solutions, we 
are forced by the facts of double decomposition to admit 
that interchanges among the parts of the molecules are 
always going on, so that, at all events, temporary dis- 
sociation must occur. It does not of course follow that 
the parts remain fi^e for any considerable time — but 
freedom of interchange is certainly necessary. 

67. Independent Ionic Velocities. Turning to 
the electrical phenomena, we are met at the outset by 
Kohlrausch's law of the independent velocities of the ions. 
This is not a proof that the ions are permanently dis- 
sociated, but it is certainly evidence in favour of that view 
in the case of dilute solutions, for, if the motions of the 
ions were produced by taking advantage of interchanges 
at the instants of collision, it seems likely that the average 
velocity of an ion would depend on the nature and, still 
more, on the number of the other ions present. Since an 
ion could, on this hypothesis, only take a step forward 
when the molecule of which it formed part collided with 

^ See Tammann, ZeiU. filar physikal, Chemie, 1892, 9, p. 97. 
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another molecule, we should expect the velocity with 
which the ions worked their way through the solution to 
increase with the concentration, and the conductivity to 
increase faster than the concentration. The fact, then, 
that, in dilute solutions of good electrolytes, the con- 
ductivity is proportional to the concentration, and the 
molecular conductivity constant, is evidence in favour of 
the permanence of the dissociation. 

The mutual independence of the ions is also suggested 
by the observation that, while the properties of the 
solutions of indifferent substances are determined by the 
constitution and bear no definite relation to the properties 
of the components, the properties of the solutions of 
electrolytes are additive — that is, can be represented as 
the sum of those of their parts. 

68. Densities of Salt Solutions. Valson^ found 
that the specific gravities of salt solutions could be 
calculated from a table of moduli of the elements of the 
substance dissolved, the modulus for each element being 
experimentally determined. The relation is better in- 
vestigated, however, by considering the specific volume 
instead of its reciprocal the specific gravity, and Groshaus^ 
found that the molecular volume of the dissolved salt was, 
in dilute solution, the sum of two constants, one determined 
only by the acid and the other only by the base. 

The following table gives the volume-change in cubic 
centimetres for one gram-equivalent of substance in 10 
litres of water: 

1 CompU rend, 1874, 73, p. 441. 
s Wied. Ann. 1883, 20, p. 492. 
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OH 

CI 
NO, 

iso. 

Thus the solution of 40 grams of NaOH in 10 litres of water 
involves a corUrtwtion of 5*8 cc, so that the volume of the 
solution (viz. 9994*2 c.c.) is actually less than the volume 
of solvent used. With other solvents increases in the 
total volume may occur; thus a mixture of 100 cc. of 
alcohol and 100 cc. of carbon bisulphide occupies a 
volume of 202 c.c. 

Ostwald^ has measured the volume-K^hanges accom- 
panying the neutralisation of bases by acids, and shewn 
that, here again, additive relations appear. Normal 
solutions of strong acids and strong bases give, on 
neutralisation, a constant volume change, equal to a 
contraction of 20 cc per litre. The subject has been 
fully discussed by Nicole 

69. Colours of Salt Solutions. Similar relations 
hold good with regard to the colour of a salt solution', 
which is obtained by the superposition of the colours of the 
ions and the colour of any undissociated salt. Anhydrous 
cobalt chloride is blue, while in cold aqueous solution 
all cobalt salts are red. Bed, then, is the colour of the 
cobalt ion, and only appears when the salt is more or less 
dissociated. If cobalt chloride is dissolved in alcohol, the 

1 Z.furprakt. Chemie, 1878, 18, p. 363. 

2 Phil, Mag., 1883-4, 16, p. 121 and 18, p. 179. 
• Ostwald'B Lehrbuch, 
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conductivity is very low, shewing very incomplete ioni- 
satioD. The colour is, accordingly, the blue of the un- 
dissociated salt. If we slowly add water to this solution, 
the ionisation gradually increases, and the colour changes 
to purple and then red. If an aqueous solution be boiled 
with potassium cyanide, it is decolourised, for a cobalti* 
cyanide, K,Co(CN)e, has been formed; the ions of this 
compound are 3K and Co(ON)e; the free cobalt ions no 
longer exist, and the solution ceases to respond to the 
usual tests for cobalt. That the red colour is really due 
to the ionisation, and not to a hydrate formed between 
the cobalt salt and the solvent, is indicated by the additive 
nature of the phenomena, for, like other properties, the 
colour of non-electrolytes depends on the constitution and 
is not additive. The use of indicators, which shew the 
presence of acids or bases by a change in colour, is a 
phenomenon of similar character. Thus para-nitrophenol 
is a weak acid, very little dissociated. The addition of an 
alkali, soda for example, causes the corresponding salt to 
be formed. This is largely dissociated, and the intensely 
yellow colour of the ion CeH4N0a . O is at once seen. 

We shall see reasons later (see p. 193) for supposing 
that, in most cases, a rise of temperature reduces the 
dissociation of a salt in solution, and increases the number 
of combined molecules — the increase of conductivity being 
brought about by a still greater reduction in the viscosity 
which the solution opposes to the motion of the ions. 
We should expect, therefore, that, on heating a coloured 
solution, the colour would become more like that of the 
undissociated salt. Thus anhydrous copper chloride is a 
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yellow solid, and the combination of this with the blue 
of the copper ion produces the green colour of the strong 
solution. On adding water the colour gets more blue, 
but on heating it goes back to green. Many similar 
cases will be found described by J. H. Gladstone^ If the 
absorption spectra of salt solutions are examined, the 
additive character of the colour is well seen, the absorption 
bands due to each constituent being unaflfected by the 
presence of the other. The transmitted light is therefore 
composed of all those rays which have been absorbed by 
neither constituent. 

70. Other Properties. Similar additive relations- 
have been traced in the refraction coefficients, which were 
found by Gladstone to be an additive property for the case 
of solutions of active — i,e, dissociated — salts, in the optical 
rotatory powers, in the surface tensions, and in the viscosities 
of salt solutions, while Perkin, from the phenomena of 
magnetic rotation, considered, without reference to the 
dissociation theory, that salts were dissociated into acid 
and base. The thermal capacities are complicated by the 
fact that a change of temperature causes, in general, a 
change in the state of dissociation to an amount dependent 
on the nature of the substance, but, in completely dis- 
sociated solutions, the thermal capacity is also an additive 
property'. 

.The following table gives the change in thermal 

1 Phil. Mag., 1857, (4), 14, p. 423. 

^ Ostwald's Lekrbuch. 

3 Marignao, Arm, Chim, et Phys., 1876, (5), 8, p. 410. 

W. S. 12 
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capacity which 10 litres of water undergo when one gram- 
equivalent of the substances indicated are dissolved. 

OH 

CI 

NOs 

iSO, 

Thus the thermal capacity of a solution of 40 grams of 
NaOH in 10 litres of water is 9973 — less than that of the 
water alone. 

71. General considerations. That substances, 
which shew great chemical stability when solid, are largely 
dissociated when dissolved, is at first sight rather a 
startling statement. We must remember, however, that 
it is precisely these bodies which shew the greatest 
amount of chemical activity, that is to say, more readily 
exchange their ions with those of other molecules. The 
fact that a solution of potassium chloride does not shew 
any of the properties of the elements potassium and 
chlorine, though it has been urged as an objection, is not 
a conclusive argument against the theory of dissociation, 
for the ions are certainly under chemical and electrical 
conditions very different from those under which the 
elements can exist in their usual forms. Without entering 
into the still uncertain question as to the exact relation 
between the ions and the electric changes they carry,. we 
are at least certain that the ion has to give a certain 
definite charge of electricity (whatever that may exactly 
mean) to the electrode before it can be liberated from the 
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solution in a normal chemical state. The amount of 
energy possessed by an ion must therefore be very 
difiFerent from that belonging to the same quantity of 
substance when liberated from solution, and there is no 
reason to suppose that their properties would be identical. 
Another objection which has been brought forward is that 
the two ions would diffuse at different rates, and be 
therefore separable. But, as soon as an ion got separated 
from the mass of the substance, it is obvious that electric 
forces would be brought into play tending to draw it 
back, and these would increase, as more ions wandered 
away, till they prevented fiirther diffusion. Still, some 
separation would occur, and a volume of water, in contact 
with the solution of an electrolyte, is found to take a 
potential of the same sign as that of the more diffusible 
ion, leaving the solution to assume a potential correspond- 
ing to that of the less diffusible ion. (See p. 197.) 

Further evidence is given by the behaviour of semi- 
permeable membranes. A membrane of copper ferro- 
cyanide can be prepared which will allow potassium 
chloride in solution to pass through it, but is quite 
impermeable to barium chloride. Now, on the theory of 
free ions, some of the chlorine will again pass, since it 
could do so in the first case, but the electric forces will pre- 
vent any considerable separation from taking place. But if 
we place some substance like copper nitrate on the other 
side of the membrane, the chlorine ions, which diflfuse in 
one direction, are replaced by nitric acid ions, which diffuse 
in the other, and this process will continue till we soon 
find nitrate mixed with the barium chloride, and chloride 

12—2 
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mixed with the copper nitrate. The salts cannot have 
directly reacted with each other, for neither alone can pass 
through the membrane, but the phenomenon is readily 
explained on the hypothesis of free ion8\ 

72. Development of the Dissociation Theory. 

The ordinary laws of chemical equilibrium have been 
applied to the case of the dissociation of a substance into 
its ions. Let c be tHe number of molecules which disso- 
ciate per second when the number of undissociated mole- 
cules in unit volume is unity, then cp is the number when 
the concentration is p. Recombination can only occur when 
two ions meet, and since the frequency with which this 
will happen is proportional to the square of the ionic con- 
centration, we shall get for the number of molecules 
re-formed in one second 

where q is the number of dissociated molecules in one 
cubic centimetre. When there is equilibrium 

cp = c'q\ 

If fi be the molecular conductivity, and /i^ its value at 
infinite dilution, the fractional number of molecules dis- 
sociated is /a//a^, and the number undissociated 1 — fijfx^y 
so that, if F is the volume of the solution containing one 
gram-molecule of the dissolved substance, we get 

1 Ostwald, B,A. Rep(yrt, 1890, p. 332. 
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6 



f^' 



.(29). 



Let us put fJ^/fi^ = a ; then a, which we have called the 
coefficient of ionisation (p. 157), measures both the mole- 
cular conductivity referred to its limiting value as unity, 
and also the fractional number of molecules dissociated. 

The equation then becomes 



(30). 



-— — =-, = constant = A: 

K (1 — a) c 

This should represent the effect of dilution on the 
molecular conductivity of binary electrolytes, and Ostwald* 
has confirmed it by observation on an enormous number 
of acids. 
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1 ZeiU.fUr physikal Chemie, 1888, ii. p. 270 ; 1889, iii. pp. 170, 241, 



369. 
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The value of k, however, does not keep so satisfiwto- 
rily constant in the case of strong acids, and, though the 
experimental error may be rather larger, no good ex- 
planation of this discrepancy has yet been given. 

If we put a equal to J in equation (30), we find that 

the value of fc is ^ p.. Thus, 2Jc measures the concentration 

at which the electrol3iie is just half dissociated. Ostwald 
considers that this constant, k, gives the "long sought 
numerical value of the chemical aflBnity." 

If we choose states of dilution Fj and Fj for two 
different substances, such that the products VJc^ and VJc^ 

are equal, then j— — , and therefore a, must be the same 

for both. If we alter both dilutions in the same ratio, 
the products Viki and VJc^ are still equal, so that the 
dilutions at which two substances are dissociated to the 
same extent are always propoiliional, whatever the ab- 
solute values of the dilution. This was experimentally 
discovered by Ostwald before he had applied the theory 
of dissociation to electrolytes. 

In the case of substances like ammonia and acetic 
acid, where the dissociation is small, 1 — a is nearly equal 
to unity, and only varies slowly with dilution. The 
equation then becomes 

^-k 

or a = V^ (31), 

so that the molecular conductivity should be proportional 
to the square root of the dilution. If we determine a for 
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a number of solutions of different strength, and use our 
results to calculate A;, the values obtained should be 
constant. The following table is given by Ostwald for 
acetic acid: 
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Fis the number of litres containing one gram-molecule, 
fi the molecular conductivity (in mercury units), a the ratio 
of this to the maximum, fi^ = 364. This maximum value 
is calculated from the velocities of the acetic acid ion and 
of hydrogen, determined by Kohlrausch from the con- 
ductivity of sodium acetate and mineral acids. 

If we have once determined the constant k for any 
electrol3iie, we can, by the help of the equation, calculate 
its conductivity for any dilution. 

. This account of dissociation applies only to substances 
which yield two ions, but similar expressions can be 
deduced for other cases. Thus for a body which gives 
three ions like BaClj or H2SO4, the frequency with which 
recombination will occur will be proportional to the cube 
of the ionic concentration, so that we get for equilibrium 
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which leads to the equation 



a« 



and if a is small a = VV^k. 

In the case of weak polybasic acids, succinic for example, 
the dissociation at first obeys the law for monobasic acids, 
and varies as the square root of the dilution. This shews 
that the ions are H and -H4" instead of H, H and A'\ 
When about half the molecules are dissociated, some 
generally begin to give rise to three ions, and the 
variation with concentration gradually becomes normal. 
In the case of strongly dissociated bodies the three ions 
are always produced. 

73. bisBociatioii of Mixed Solutions. Let us 

consider, for the sake of example, two simple electrolytes 
containing one ion in common. We get for our equations 
of equilibrium 

- I ~ «i _ / «i «i 

__-J /. ^ ~ ^g — /.' ^ *2 

ana Cj p? — c^ w • w > 

where a is the fraction dissociated, and V the volume 
containing one gram-molecule. 

If we mix the two solutions, the volume becomes 
Fi + Fj. The concentrations of the undecomposed por- 

1 — a 1 — ff 

tions become =^ ^ and ^ ^ . Those of the unlike 
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ions fall to ^ ^ ^ and p. ^ , and that of the common 
ion will be ^^ ?^ . We thus get 

l-Ofi . , ai tti + Oa 

= c, 



, 1 — Ot2 _ , tta «! + tta 

and c .p^-p^^ - '^ F. + F,- F+ T,' 

Dividiog each of these into the corresponding equation of 
the upper pair we get 

r.^v. _ y.^y^ (r. + F.)a, 

*°** F, - F, • F> • F,(a, + «,) • 

Dividing the second of these equations by the first we 
obtain 

Fa^F^^'aZ-'a^^Fa •"• ^ ^' 

so that, in order that no change in the number of free ions 
should occur on mixing, the dissociated portions of two 
electrolytes must be proportional to the dilutions. 
The equation can also be written in the form 

^ = ^, (33). 

which shews that the conceirtration of the ions must be 
the same in both solutions. 

The most important application of this principle is to 
the case of two acids. In order that no change in the 
states of dissociation should occur on mixing, it is necessary 
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that the concentration of the hydrogen ions should be the 
same in both solutions. Such solutions were called by 
Arrhenius^ isohydric. 

Any two solutions, then, will so act on each other when 
mixed that they become isohydric. Suppose we have one 
very active acid like hydrochloric, in which dissociation is 
nearly complete, and another like acetic, in which it is 
very small. In order that the solutions of these should 
be isohydric and the concentrations of the hydrogen ions 
the same, we must have a very large quantity of the feebly 
dissociated acetic acid, and a very small quantity of the 
strongly dissociated hydrochloric, and in such proportions 
alone will equilibrium be possible. This explains the 
action of a strong acid on the salt of a weak acid. 
Suppose we act on dilute sodium acetate with dilute 
hydrochloric acid. Some acetic acid is formed, and this 
process will go on till the solutions of the two acids are 
isohydric: that is till the dissociated hydrogen ions are 
in equilibrium with both. In order that this should hold, 
we have seen that a considerable quantity of acetic acid 
must be present, so that a considerable quantity of the 
salt will be decomposed, the quantity being greater the 
less the acid is dissociated. This "replacement" of a 
" weak " acid by a " strong " one, is a matter of common 
observation in the chemical laboratory. 

Nemst * has pointed out that it follows from this theory 
that, when a salt is dissolved in the saturated solution of 

^ M6m. pr^sent^ k TAoad. des Sciences de SnMe le 6 Jnin, 1883. 
Acconnt in B.A. Report, 1886, p. 357. 

3 Zeits, fiir phyaikal. Chemie, 1888, iv. p. 372. 
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another slightly soluble salt, two principles must hold. 
The quantity of undissociated salt with which the solution 
is saturated must keep constant, and the product of the 
numbers of the opposite ions in solution must also 
keep constant. Thus, if \o ^^^ 'K' be the solubilities of 
two salts in pure water, X and V their solubilities when 
both are present together, and Oo, a©'* «» Mid o' the corre- 
sponding values of the dissociation, we get 

\o(l-ao) = \(l-a) 

V(l-«<oO = V(l-aO, 
and from the second principle 

Vao* = '^ (>-« + Va') 
x;aa,'a = W (Xa + W). 
By means of these equations, the dissociation can be cal- 
culated from the solubilities, and Noyes and Abbot ^ have 
found that, in the cases of three slightly soluble salts of 
thallium, it agrees with the value obtained from the con- 
ductivity. 

74. General ca4ie of Ohemical Equilibrium. 

Suppose we have four solutions of the substances AiBi, 
A1B2, AiBi and A2B2, so adjusted that solutions containing 
a common ion are isohydric. Let a, h, c and d be the 
relative volumes in which, if the four solutions are mixed, 
no change occurs, and let jS, 7, S and f be the undissoci- 
ated quantities of the four substances. Since we must 
have, in all cases, equal concentration of the ions, the 
dissociated quantities can be represented as ha, hb, he and 

^ ZeiU, filr pkysikal Chemie, 1S95, xyi. p. 125. 
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hd. The equations of dissociation of the solutions thus 
become 

I.t.(^)'«dl.i,(^)', 

or fi^k^hJ'a, y^kth% B^hh^c and ^^k^h^'d. 
If the four volumes are mixed, new equations will hold 

/3 ^j, ^(a-f6)(a + c) ^^ 

a + b + c + d ^(a + b + c + df 

which reduce to the form 

a + 6 + cH-d ' 

AaA' (6» + aft + 6d + od) p 

7= ^^ 5 3 ^&c.... 

' a+b+c+d 

Dividing the corresponding equations by each other 
we get from each pair 

ad^bc (34), 

from which we see that the products of the volumes of 
such pairs of solutions as contain no common ion. must be 
equal to each other. 

Now the volumes a, 6, c and d are proportional to the 
active (or dissociated) portions of the four substances 
present. Hence the values a, 6, c and d are equal to 
ttiPii aal>2> «39i aiid 045^2 respectively, where pi, p^, 51 
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and 52 represent the total quantities of the four substances 
present. We thus get from equation (34) 

aii>i. 0391 = 02^2. 0498 (35). 

This expression represents Guldberg and Waage's formula 
for chemical equilibrium, which has been fully confirmed 
by observation, and also shews that, as Ostwald has 
observed, the constants k^ and k^ m their equation 

are made up of two factors, each of which depends only on 
the nature of one substance. 

Many observed facts, before inexplicable, follow at 
once from our equation. Thus the active portion of 
slightly dissociated acids must be reduced by the presence 
of their normal salts, which themselves furnish a supply of 
the same ions. Such mixtures are found to have less 
activity than the amount of acid in them would possess 
alone. 

75. Thermal phenomena. The theory gives an 
immediate explanation of Hess' law of thermoneutrality, 
which expresses the fact that, in general, no heat change 
occurs when two neutral salt solutions are mixed. Since 
the salts, both before and affcer mixture, exist mainly as 
dissociated ions, it is obvious that large thermal effects 
can only appear when the state of dissociation of the 
products is very different from that of the reagents. 

Let us now consider the case of the neutralisation of a 
base by an acid in the light of the dissociation theory. 
In dilute solution, such substances as hydrochloric acid 
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and potash are almost completely dissociated, so that, 
instead of representing the reaction as 

we must write 

+ -^ + - + - 

H + C1 + Kh-0H = K + C1 + H,0. 

The ions K and CI suffer no change, but the hydrogen of 
the acid and the hydroxyl (OH) of the potash unite to 
form water, which is only very slightly dissociated. The 
heat liberated, then, is almost exclusively that produced by 
the formation o( water from its ions. An exactly similar 
process occurs when any strongly dissociated acid acts on 
any strongly dissociated base, so that in all such cases the 
heat evolution should he approadviately the same. This is 
fully borne out by the experiments of Thomsen, who 
found that the heat of neutralisation of one gram- 
molecule of a strong base by an equivalent quantity 
of a strong acid was nearly constant, and equal to 13700 
or 13800 calories. 

In the case of weaker acids, the dissociation of which 
is less complete, divergences from this constant will occur, 
for some of their molecules have to be separated into their 
ions. For instance, sulphuric acid, which, in the fairly strong 
solutions used by Thomsen, is only about half dissociated, 
gives a higher value for the heat of neutralisation, so that 
heat must be evolved when it is resolved into its ions. 
The heat of formation of a substance from its ions is 
of course very different from that evolved when it is made 
from its elements in the usual way, since the energy 
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associated with an ion is different from that possessed by 
the atoms of the element in their normal state. The heat 
of neutralisation of weak acids can be represented, when 
the resultant salt is highly dissociated, by 

« 

JV=13500 + ^+£, 

where A and B depend on the states of dissociation of the 
acid and base respectively. 

We can calculate the heat of formation of any substance 
from its ions by appljdng the same thermo-dynamical 
principles as in the case of vapour pressure or osmotic 
pressure. Suppose we have an electrolyte which dissociates 
into two ions. We have shewn (p. 180) that the equation 
of equilibrium is 

where p and q are the concentrations of the undissociated 
molecules and of the ions respectively. Since the con- 
centrations are proportional to their partial pressures, 
we get, if p and q represent these pressures, 

i = 4 - = constant = K, 
p c 

We can now apply the thermo-djmamical equation (2) 
already used on p. 33. It here takes the form 

dlogeK _ y . 

~dn^Rf^ ^^^^' 

where* 7 denotes the heat of formation of one gram- 
molecule from its ions. 

From experimental determinations of the temperature 
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coefficient of dissociation of aqueous solutions, Arrhenius ^ 
has calculated the heats of formation of various molecules 
from their ions by means of this equation. It is impoiiiant 
to observe that his results only apply to solutions in water. 



Substance 


7 at 21*5 


7 at 36° 


Acetic acid CH.COOH 
Propionic acid CjIi.COOH 
Butyric acid C H.COOH 
Phosphoric acid H8^^4 
Hydrofluoric acid HE 
Hydrochloric acid HCl 
Nitric acid HNO3 
Soda NaOH 
Potassium chloride KCl 
Barium chloride BaCI 
Sodium butyrate OaHyCOONa 


+ 28 

- 183 

- 427 
-2103 
-3200 


- 386 

- 557 

- 935 
-2458 
-3549 
-1080 
-1362 
-1292 

- 362 

- 307 
+ 547 



The numbers for strongly dissociated bodies are calcu- 
lated from observations on decinormal solutions. 

From this table, by adding to the heat of formation of 
water from its ions that caused by the completion of the 
dissociation of the acid, Arrhenius has calculated the total 
heats of neutralisation of soda by different acids. 



Substftnoe 


Calculated 


Observed 


Hydrochloric acid HCl 


13447 


13740 


Hydrobromic „ HBr 


13525 


13750 


Nitric „ HNO, 


13550 


13680 


Acetic „ CH3COOH 


13263 


13400 


Phosphoric „ H3PO, 


14959 


14830 


Hydrofluoric „ HF 


16320 


16270 



^ ZeiU.fUr physikal, Chemie, 1S89, iv. p. 96; 1892, ix. p. S39. 
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Thus the divergences from the constant value are 
likewise explicable by this theory. 

From equation (36) on page 191 it follows that, if the 
heat of formation is negative, that is, the heat of dis- 
sociation positive, the value of d loge K/dt is also negative, 
and the dissociation must become less with increasing 
temperature. The conductivity is dependent on two 
fectors, (1) the dissociation, and (2) the frictional resist- 
ance offered by the solution to the passage of an ion 
through it. If we call the reciprocal of this resistance 
the ionic fluidity of the solution, the molecular conduc- 
tivity will be proportional to the dissociation and to the 
ionic fluidity. At infinite dilution the dissociation is 
complete, and the ions are so far apart that no change in 
temperature can affect the abate of dissociation. Any alter- 
ation in conductivity with change of temperature must 
then be due to an alteration in fluidity, and, therefore, 
the temperature coeflScient of fluidity can be determined 
by measuring the temperature coefficient of conductivity 
at a dilution so great that the molecular conductivity has 
reached its limiting value. Now the table on page 192 
shews that the heats of formation from the ions have 
invariably a greater negative value at the higher tempe- 
rature. From equation (36) it follows that the rate of 
decrease of dissociation with increase of temperature must 
therefore increase as the temperature rises. If the 
temperature coefficient of fluidity either decreases with 
rise of temperature, keeps constant, or increases more 
slowly than the negative coefficient of dissociation, it 
is clear that a maximum conductivity must be reached 

w. s. 13 
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at a certain temperature, beyond which any further 
heating will decrease the dissociation more than it 
increases the fluidity, and so, on the whole, diminish the 
conductivity. 

Arrhenius calculated, from deductions from the equa- 
tion, that solutions of the two slightly dissociated 
bodies, hypophosphoric and phosphoric acids, should have 
maximum values for the conductivity at 57° and 78° 
respectively. He then experimentally determined their 
conductivities at different temperatures, and actually 
found maxima at 55° and 75°. More recently Sack^ 
by measuring the conductivity of copper sulphate solu- 
tions in closed vessels, found a maximum at 96° for a 0*64 
per cent, solution. Calculation by Arrhenius' method 
gives 99° for a solution of this concentration. 

These results must be considered, not only as a 
confirmation of the values found for the heat of formation 
of molecules from their ions, but also as evidence in 
ftivour of the general ideas of the dissociation theory. 

76. DifFlision of Electroljrtes in Solution. A 

theory of the diffusion of dissolved substances has been 
worked out by W. Nemst ^ and M. Planck • on the lines of 
the dissociation hjrpothesis. In our account of osmotic 
pressure we shewed how the laws of the diffusion of 
non-electrolytes could be deduced. We have now to 

1 Wied, Ann. 1891, zliii. p. 212. 

* ZeiU. fur physikal Chemie, 1888, ii. p. 613, or Nemst's ** Theo- 
retische Ghemie." 

» Wied, Ann. 1890, xl. p. 661. 
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exteud the reasoning to cases in which free ions are 
present. 

If the osmotic pressure-gradient were the only driving 
force, as in the first case, the different mobility of the two 
ions (e.g. H and 01) would cause separation between them. 

Thus suppose we had a solution of hydrochloric acid 
in the bottom of a tall glass cylinder, with pure water 
lying above it. The hydrogen ions travel faster than the 
chlorine, and carry their positive charges with them, 
leaving the lower layers negatively charged. Thus an 
electrostatic force is set up, which prevents the process 
of separation going far, and keeps the number of opposite 
ions in each part of the system very nearly the same. 
Nevertheless some separation does occur, and 'this 
explains the fact that water, in contact with an aqueous 
solution of an electrolyte, takes, with regard to it, a 
positive or negative potential as the positive or negative 
ion travels the faster. 

The presence of a substance like ammonium chloride 
will reduce the restraining force of the electrostatic 
charges, and Arrhenius shewed that the addition of a 
large quantity of this salt increased the diffusion of hydro- 
chloric aoid, which is chiefly due to the hydrogen, in the 
ratio of 1 : 2'24. 

In a layer of liquid in our cylinder, at a height o), 
let the concentration (i.e. numbei' of gram-molecules per 
cubic centimetre) be c, and the osmotic pressure p. At a 
height x-^-dx these become c-^dc and p — dp respectively. 
The volume of the layer cut off by horizontal planes at 
these two heights is qdx, where q is the area of cross 

13—2 
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section, and it contains cqda g):am-molecules of electro- 
lyte. The diflference of pressure between the planes 
is dp, so that the force acting on the layer is qdp, and the 

force on one cram-molecule is - -^ . As we saw above 

^ c dx 

(p. 139), Eohlrausch has calculated the mechanical force 
required to move diflferent ions with unit velocity through 
dilute solutions. Let us call the velocities produced, when 
unit force acts on one gram-equivalent of the two ions, 
U and V respectively. The velocities, in our case, will be 

— -^ and — -^ , so that the amounts passing across any 
cross section of the cylinder in a time dt are 

- Uq^dt and - Vq^dt 

If U is different from F, a difference of potential is set 
up, the effect of which, when a steady state is reached, is 
to make the ions travel together. If the potential gradient 
is d^/dx, the numbers of the two ions which would cross, 
under the action of this force alone, are 

- Uqc -J— dt and + Vqc -j- dt 

Under the action of both the osmotic and the electric 
forces the numbers of gram-equivalents which diffuse in a 
given time are equal, so that we get 

or eliminating dPjdx 

,,. 2UV dp., 

dN = — -rf — Tr Q J dt 
U+ V^ dx 
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From the law of osmotic pressure 

p = cBT, 

since c is the reciprocal of the volume in which one 
gram-molecule is dissolved, 

.-. dN^—rf — TrRTq-Y-dt 
U+ V ^ doe 

Comparing this with the corresponding equation (7), 
p. 47, for non-electrolytes 

dN=^^Dq^dt, 

we see that for electrolytes the diffusion constant is 

2UV 



i) = 



RT. 



The following table gives a comparison between the 
observed and calculated values of D, the unit of time 
being the day. 



Substance 


D observed 


D calculated 


Hydrochloric acid HCl 
Nitric acid HNO3 
Potash KOH 
Soda NaOE 
Sodium chloride NaCl 
„ nitrate NaNO 
„ formate NaCOOH 
„ acetate NaCH COg 
Ammonium chloride NH/I!l 
Potassium nitrate KNO3 


2-30 
2-22 
1-85 
1-40 
Ml 
1-03 
0-95 
0-78 
1-33 
1-30 


2-49 
2-27 
2-10 
1.45 
M2 
1-06 
0-95 
0-79 
1-44 
1-38 



77. Contact Difference of Potential. We have 
already mentioned that the differences of potential 
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between liquids can be explained by the initial sepa- 
ration between the ions. Taking equation (37), which 
expresses the relation which must hold between the 
potential difference and the osmotic pressure in order that 
no cumulative separation of ions should go on, we get 

dP^l V-U dp 
dx cV+ Udx* 

or, since p = CjBT, 

dP ^RT V^U dp 
dec p V +U dx' 

which gives on integration 

P.-P.^ET^log.g (38). 

If we have absolutely pure water in contact with a solu- 
tion, pi is zero, and the difference of potential apparently 
becomes infinite. But absolutely pure water cannot be 
obtained, and, as a matter of feet, great differences in 
the electromotive force are found for small differences in 
purity. 

In a similar way the potential difference between the 
solutions of two different electroljrtes or between solutions 
of the same electroljrte of different concentrations can be 
calculated. This is of great interest, for primary cells 
can be constructed with a plate of the same metal for 
both electrodes, by placing the electrodes in solutions 
of different substances, or even in solutions of the same 
substance at different coficentrations. The theory de- 
scribed above can be applied to deduce the electromotive 
force of such cells by slightly modifying the equation. 
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The following table ^ gives a comparison between the 
observed and calculated values for the potential differ- 
ences between solutions of different concentrations. 



Electrolyte 


Ci 


C, 


E in volts 
(observed) 


E in volts 
(calculated) 


HCl 


0-105 


00180 


00710 


0-0717 


ij 


0-1 


0-01 


0-0926 


0-0939 


HBr 


0-126 


0-0132 


0-0932 


0-0917 


KCl 


0-125 


00125 


0-0532 


0-0542 


NaCl 


0-125 


0-0125 


0-0402 


0-0408 


TnCl 


0-1 


0-01 


00354 


0-0336 


NHCl 


0-1 


0-01 


0-0546 


0-0531 


NaBr 


0-125 


0-0125 


00417 


0-0404 


NaOAH, 


0125 


0-0125 


0066 


00604 


NaOH 


0-235 


0-030 


0-0178 


0-0183 


NH(>H 


0-305 


0-032 


0-024 


0-0188 


KOH 


0-1 


001 


00348 


0-0298 



The dissociation theory thus gives a perfectly satis- 
factory explanation of the diffusion of electrolytes in 
solution, and of the differences in potential at the 
junctions of electroljrtes. 

The difference of potential between metals and elec- 
troljrtes is explained in a similar manner. Nemst supposes 
that each metal in contact with an electrolyte has a 
definite solution pressure, analogous to the vapour pressure 
of a liquid, in consequence of which ions are detached 
from it, and go into solution, carr}dng their charges with 
them, and leaving the metal oppositely electrified. An 



^ W. Nemst. ZeiU. fUr phynkal, Chemie, 1SS9, iv. p. 161. 
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equation similar to (38) can be deduced for this case, and 
takes the form 

e^RTlog,^ (39), 

where p represents the osmotic pressure of the ions of the 
metal in the solution, and P the solution pressure of the 
metal of the electrode. The electromotive force of a 
voltaic cell will be given by 

^ = iJ2'(log.g-log,|') (40). 

and thus depends on the differences between the solution 
pressures of the two electrodes. When a current passes, 
the ions of the metal with the smaller solution pressure 
are forced out of solution by the others, and deposited at 
the electrode. 

The electromotive force of the cell 
Ag I 0-1 normal AgNO, | I'D normal KCl with AgCl | Ag 
in which silver electrodes are placed, one in silver nitrate, 
and the other in silver chloride and potassium chloride, 
was calculated by Nemst from this equation to be 0*52 
volt, and observed by Ostwald to be 0*61 volt. 

78. DiMOciation of Water. Eohlrausch's ex- 
periments have shewn that the conductivity of pure water 
is exceedingly small, so that it can only be dissociated to 
a very slight extent. But this is only what we should 
expect, for the concentration is so great and the molecules 
are so^ crowded together that no dissociation can be per- 
manent. Nevertheless, there are many indications that 
even chemically pure water would, if it could be pre- 
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pared, be slightly dissociated and possess some conducting 
power.. 

Methyl acetate and water react to form methyl alcohol 
and acetic acid at a rate proportional to the number of 
hydrogen ions or hydroxyl ions present in the solution. 
Wijs* used this reaction to measure the dissociation of 
water, by preparing an aqueous solution of methyl acetate 
carefully freed from acid or other impurity, and titrating 
it at intervals with standard alkali to measure the amount 
of acetic acid produced. The acid, as it is formed, accele- 
rates this action, so that it is necessary to measure the 
rate of transformation just at the beginning. The con- 
centration of the dissociated ions appeared to be about 
10~'gram equivalents per litre. 

If two platinum or palladium electrodes, saturated with 
hydrogen, be placed, one in acid and the other in alkali, 
an electromotive force is set up between them, depending 
on the concentration of the hydrogen ions in the acid and 
of the hydroxyl ions in the alkalL From the laws of 
osmotic pressure Ostwald' has developed a theory of this 
relation, and from the observed electromotive forces has 
calculated that the concentration of the hydroxyl (and 
therefore also of the hydrogen) ions in pure water is 
0-9 X 10-^. 

Kohlrausch and Heydweiler' have distilled water in a 
vacuum and collected it in a glass vessel, which for ten 
years had been kept full of distilled water in order to dis- 

^ ZeiU. fUr phynkal Chemie, 1893, 11, p. 492. 

2 Ibid., 1893, 11, p. 621. 

8 Wied. Ana,, 1894, 58, p. 209. 
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solve out all the soluble constituents of the glass. By this 
means they obtained water so pure that its conductivity 
was 0014 X 10-^<^ at 0°, and 018 x 10-" at 18°. Now 
the temperature coefficient of conductivity depends on the 
influence of temperature on (1) the dissociation, and (2) the 
fluidity (p. 193). As the dilution increases and the dis- 
sociation becomes more complete, the efifect of temperature 
on the dissociation gets less, and finally vanishes when 
the dilution is infinite, i.e. when the water is pure. The 
temperature coefficient then reaches a limit corresponding 
to its value for the fluidity alone. The conductivity, when 
this limit is reached, is, therefore, the conductivity of pure 
water. The limiting value can be estimated from a curve 
drawn to shew the variation of temperature coefficient 
with increasing dilution. The true conductivity of pure 
water was thus estimated as 0*036 x 10"" at 18°. This 
gives for the concentration of the dissociated ions a value 
of 8 X 10~® gram equivalents per litre. 

We should expect the dissociation of the water to 
become greater as the amount of dissolved substance 
increased, and gave room for the ions to separate, and the 
fact that insoluble magnesium hydroxide is formed when a 
current is passed across the junction between strong and 
weak solutions of magnesium chloride, has been adduced 
as evidence that part of the current is carried by the 
water. 

Attempts have, however, been made to explain this 
phenomenon by supposing that the hydrolytic dissoci- 
ation 

MgCla + 2H»0 = Mg(0H)8 + 2HC1 



t 

I 
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iakes place as well as theelectroljrtic dissociation 

MgCla = Mg" + CI + CI, 
but it is difficult to see, on this hypothesis, how it is that 
Mg(OB[)a only appears at the junction. 

It is interesting to observe that liquefied hydrochloric 
acid gas, like pure water, is a very bad conductor, while 
mixtures of the two conduct freely. Possibly no pure sub- 
stance is an electroljrte, and mixture may be an essential 
condition for electrolytic conduction, though, if this is so, the 
conductivity of fiised salts needs some further explanation. 

79. Function of the Solvent. In the early de- 
velopment of the physical theory of solution no attention 
was paid to the part played by the solvent. It was looked 
on simply as furnishing a space into which the dissolving 
solid could diffuse, and, in the case of electrolytes, as 
providing a screen for separating the ions from one 
another. The very different power of various solvents, 
both in dissolving substances and in enabling them to 
conduct electricity when dissolved, directed attention to 
the general question of their influence, and measurements 
of conductivity of the same salt in water and alcohol were 
made by Fitzpatrick*, VoUmer' and others. 

The problem of the cause of solubility still remains 
unsolved It is possible that it may depend on similarity 
in molecular motion on the part of solvent and substance 
dissolved, and this view is supported by the general rule 
that bodies are more soluble in liquids whose chemical con- 

» B,A. Report, 1S86, p. 328, and Phil, Mag., 1887, 24, p. 878. 
3 Wied. Ann., 1894, 52, p. 828. 
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Fig. 20. 



stitution is similar to their own. Thus salts and mineral 
acids are usually soluble in water, while organic bodies will 
generally more readily dissolve in alcohol or benzene. 

Towards the explanation of ionisation power some ad- 
vance has been made. If the forces holding 
the ions together in a molecule are electrical 
in their nature (as is quite possible) it follows, 
as J. J. Thomson^ has shewn, that they will be 
much weakened by immersing the molecule 
in a medium of high specific inductive capacity 
like water. The nature of this effect can be 
best explained by considering the influence of 
a mass of conducting material placed near 
two little particles charged with opposite kinds 
of electricity. The effect of the conductor can be repre- 
sented by supposing that electrical images of opposite 
sign are formed just inside the conductor. The result is 
obviously to reduce the external effects of the charges 
and, therefore, their attraction for each other. The effect 
of an insulator of high specific inductive capacity is 
similar in kind, though rather less in magnitude. This 
may explain the differences observed in the molecular 
conductivities of the same salt dissolved in different 
solvents, such as water and alcohol for example, for other 
conditions being the same, the effect of solvents in 
loosening the connexion between two ions, i.e. their 
relative ionisation powers, will be proportional to their 
specific inductive capacities. Some figures which, as far 
as they go, confirm this idea for solutions of calcium 

1 Phil. Mag,, 1S93, 86, p. 320. 
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chloride in water, methyl alcohol, and ethyl alcohol have 
been given by the present writer*. 

The specific inductive capacities of the three solvents 
are, according to Tereschin : water, 83*7 : methyl alcohol, 
32'65: ethyl alcohol, 25'8. If we suppose provisionally 
that the resistances offered by these solvents to the motion 
of the ions are in about the same ratios as their viscosities, 
we must divide these numbers by 100, 63 and 120, 
respectively. We then get for the theoretical ratio of the 
conductivities. 

Water 100 Methyl Alcohol 63 Ethyl Alcohol 26. 

An investigation by VoUmer shewed that, for many 
salts, the ratio of the conductivities in the three solvents 
was 

Water 100 Methyl Alcohol 73 Ethyl Alcohol 34. 

It seems probable, then, that the specific inductive 
capacity and the viscosity are important factors in deter- 
mining the " relative ionisation power " of solvents. 

It is worthy of remark that, as well as reducing the 
forces between ions, the conducting body in figure 20 will 
attract each ion to itself. The same thing would occur in 
a solvent of high specific inductive capacity. When the 
forces between two ions have been loosened, a slight 
collision with other molecules, or with . molecules of the 
solvent, will suffice to cause dissociation, the liberated 
ions will be annexed by the solvent, and loose compounds 
will be formed. The ions, being readily passed on firom 
one particle of the solvent to another, are able to work 

1 Phil. Mag., 1S94, 3S, p. 892. 
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their way through the liquid under the action of the 
external electric forces.. 

If this theory represents the truth, we have three 
things, all of which may produce osmotic pressure effects. 
Firstly, the molecular and ionic impacts, secondly, chemical 
action between the unaltered molecules and the solvent, 
and, thirdly, combination between the ions and the solvent. 
In solutions of indifferent substances, and in very dilute 
solutions of most electrolytes, the first cause. is probably 
the only one of importance, but in other cases all three 
may ultimately have to be considered. The fact that, 
according to the thermodynamical equation on p. 191, heat 
is in most cases developed when a molecule dissolved in 
water is resolved into its ions, again suggests that com- 
pounds between the ions and the solvent are formed. It 
is evident that such combination, provided the ions were 
free to move from particle to particle, would not prevent 
them from producing their proper osmotic pressure and 
electrical effects, and that they would behave, for all the 
other purposes of the theory, as free ions should. 

80. Hydrate Theory of Solution. The question 
of chemical combination with the solvent has given rise 
to considerable discussion, and produced an independent 
theory of solution. 

Before the laws of osmotic pressure and the allied 
phenomena were known, it was very generally held that 
solution was a case of chemical combination^ Chemical 
attraction of the solvent for the substance dissolved would 

4 

^ See Tilden, B,A, Report, 1S86, p. 444. 
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explain the existence of osmotic pressure, but gives no 
reason why it should have the particular value given by 
the same amount of substance in the gaseous state. In 
the case of dilute solutions of indifferent substances, it has, 
therefore, been very generally allowed that the chief cause 
of osmotic pressure is molecular impacts, but the influence 
of the solvent is recognised in equation (16) on page 
69, and becomes sensible as the concentration increases. 
It was soon noticed, however, that bodies giving abnormal 
values for the osmotic pressure and acting as electrolytes, 
are just those for which the evidence of chemical action 
is strongest. This suggests the idea that chemical action 
is the condition necessary for ionisation, and that the 
formation of complex molecules, from which individual 
ions could be more easily removed by collision with other 
aggregates, is the meaning of conductivity. 

Theories of solution based on these ideas have been 
recently framed by H. E. Armstrong^ S. U. Pickering^ 
and others. Pickering supposes that, when solvent is 
frozen out, some of the existing hydrate is decomposed, 
and the next lower one formed. From the heats of dilu- 
tion of solutions of sulphuric acid of different strengths, 
he calculates the work required to do this, and, adding 
it to that required to compress the molecules dissolved, 
deduces the lowering of freezing-point'. The agreement 
of his numbers with observation shews that the excess of 
freezing-point depression can be calculated from the heat 

1 Proc. 12.5., 1886, No. 243. 

^ For general account see Watts^ Diet. Art, Solutions, u. 

« B.A. JReport, 1890, p. 320. 
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of dilution, but does not decide whether that heat of dilu- 
tion is due to the combination with additional molecules 
of water or (partly at any rate) to the resolution of some 
sulphuric acid molecules into their iona 

Pickering's main argument for the existence of hydrates 
in solution is based on the sudden changes in curvature, 
first noticed by Mendel^eff, which appear in the lines 
drawn to represent the variation of some physical property 
with the concentration. Pickering has made, for instance, 
a long and careful determination of the densities of 
sulphuric acid solutions of different strengths, and drawn 
a curve to shew his results. Changes of curvature appear 
at points corresponding to definite molecular proportions 
(e.g. HaS04 . HjO and HaS044H20). These changes can 
be more readily seen if a new curve is drawn between the 
concentration and the rate of change of density with 
concentration (i.e. the tangents at different points of the 
first curve). By this process of " differentiation *' a series 
of straight lines is obtained with breaks at the positions 
where, in the first curve, changes of curvature appeared. 
Similar figures were drawn for the electric conductivity, 
expansion by heat, contraction on formation, heat of dis- 
solution, heat capacity, refractive index, magnetic rotation 
and freezing-point, and changes of curvature were found 
at the same points for all. Ostwald however says* that 
the position of the breaks alters with change of tempera- 
ture. With weak soljjtions it is impossible to say whether 
the points correspond to definite molecular proportions, 
owing to the smallness of the change in percentage 

^ Watt%^ Diet, Art Solutions^ x. 
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composition which would be caused by the addition of 
another water molecule to HSO^, but the changes are of 
precisely the same character as in the case of stronger 
solutions, and are, apparently, due to the same cause. The 
thermal change, resulting from dilution of a strong solu- 
tion, is of the same sign as that obtained by dissolving the 
solid in the first instance, and this also indicates that, if 
hydrates are present in concentrated, they are also present 
in dilute solutions. If we allow this, it follows that one 
acid molecule is able to combine with, or at all events to 
influence in some way, an enormous number of water 
molecules, and this is confirmed by other facts. For 
instance, the volume of substances in solution, as calcu- 
lated by subtracting the volume of the water from the 
volume of the solution, is in general smaller than its 
volume in the solid state, and in some cases even comes 
out negative, shewing that the water has been compressed. 
This is shewn by the table on page 175. Even clearer 
evidence is furnished by the table of thermal capacities 
given on page 178. If we call the product of the specific 
heat and the molecular weight the molecular heat of the 
compound, it is sometimes found that the molecular heat 
of the solution is less than that of the water actually 
present. Thus the molecular heat of the solution 
NaNO,+ 25H20 is 4617, but, if 25H2O more water be 
added, the molecular heat is not 461-7 + (25 x 18) = 911*7 
but 904 ; again, if SOHjO is added to this, the molecular 
heat is not 911*7 + 900 = 1811-7 but 1791, and so on\ It 
is very improbable that the salt should so greatly reduce 

1 TUden, B.A. Report, 1S86, p. 455. 
W. S. 14 
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the heat capacity of a few molecules that the average 
capacity of the whole is lowered by as much as this, so 
that it seems necessary to suppose that the whole, or at 
all events a large part, of the added water is affected. It 
has also been argued that the diminution of vapour pres^ 
sure is a proof that no water exists free from the influence 
of the salt, for, if it did, the evaporation, though it might 
proceed more slowly at first, would eventually reach the 
same amount as in the case of pure water. 

Several hydrates, before unknown, were indicated by 
the presence of these breaks, and subsequently obtained 
in the solid form. Thus Pickering isolated H,S04 . 4HfiO, 
HBr.SHjO, HBr.4HA HC1.3HA HNO,.H,0 and 
HNOs • 3HaO. He considers that the crystallization of a 
definite hydrate is strong evidence that it exists in solu* 
tion, for bodies suddenly formed at the instant of 
precipitation come down as amorphous substances — a 
common observation in the processes of chemical analysis. 
Dilute sulphuric acid, dissolved in acetic acid, produces a 
smaller depression of the freezing point than the sum 
of those due to the acid and water separately, hence 
Pickering argues that no dissociation, but rather chemical 
union, resulting in a reduction in the number of molecules, 
has occurred. 

Since the state of bodies in solution is similar to their 
state when gasified, a solid has to be not only liquefied 
but also vapourised when being dissolved. If allowance be 
made for the heat necessary to effect these changes, it is 
found that the process of solution, in every case, evolves 
heat, which indicates that chemical action has taken {)lace. 
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Pickering supposes that the combination of large 
numbers of solvent molecules with one molecule of a 
body in solution is produced by a sort of induction of 
electric charges, just as a number of soft iron rods placed 
in a row can be made to cling together by bringing a 
magnet near the one at the end Since the forces are 
equal in all directions, the mobility of the dissolved 
molecules is secured. Certain definite numbers of solvent 
molecules will be capable of more symmetrical arrange- 
ment than others, and will form hydrates, but their parts 
are freely interchangeable with each other. A dissolved 
molecule will be able to pass through a crevasse only 
when the number of solvent molecules requisite to keep it 
in solution can pass simultaneously, and this may explain 
the action of semipermeable membranes. Pickering^ found 
that, when a mixture of alcohol and water was placed in a 
porous pot, and the whole immersed either in pure water 
or pure alcohol, the volume of liquid inside the porous pot 
increased, shewing that the phenomenon is due, not to the 
impermeability of the pot to either constituent alone, but 
to its impermeability to the solution as a whole. 

81. Oonduilon. We are now able, I think, by 
an extension of these ideas, to reconcile Pickering's obser- 
vations with the dissociation theory. Since each particle 
of the salt extends its influence over a considerable region 
round it, the properties of the solution as a whole will 
depend on its percentage composition, and may quite 
probably, undergo some change as the composition passes 

1 Bet. Deut, Chem, Qes., 1891, 24, p. 8689. 
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through a value corresponding to simple molecular pro- 
portions. This will be independent of the arrangement of 
the parts of the salt molecule, since the influence of each 
part extends beyond its immediate neighbourhood, and 
dissociation into ions can still take place. We can/ in 
fjGict, regard a considerable mass of the solution, containing, 
perhaps, several molecules and dissociated ions of salt, and 
hundreds of molecules of solvent, as chemically one large 
molecule, the parts of which are nevertheless to some 
extent physically independent of each other. 

The phenomena of supersaturation and the conditions 
of equilibrium which hold between solids and solutions in 
contact with them (see pp. 18 to 25) indicate that it does 
not follow, because a certain Jiydrate or other compound is 
precipitated from a liquid on evaporation or cooling, that 
it therefore exists in the same state of molecular aggrega- 
tion in the solution. But the adjustment of the chemical 
forces, which allows such a hydrate to be formed under 
proper conditions, makes it quite likely that, when the 
composition of the solution as a whole is the same as 
that of the hydrate, the fact should, by reason of the far- 
reaching influence of the chemical forces, become apparent 
in the physical properties. This at once explains how it 
happens that several of the hydrates, indicated by breaks 
in the solution diagrams, have actually been separated out 
as solids in the crystalline form. In fact, all the evidence 
which has been accumulated in favour of the existence of 
hydrates in solution, can be accounted for on this hjrpo- 
thesis, which at the same time allows us fully to accept 
the dissociation theory. 



APPENDIX. 

Freezing points. While this book was passing 
through the press, a paper by Nemst and Abegg* ap- 
peared, calling attention to the discrepancies which exist 
between the values obtained by different observers for the 
molecular depression of the freezing point. For instance, 
the following numbers have been obtained in the case of 
a one per cent, sugar solution in water : Baoult, 2*07 ; 
Arrhenius, 2*02; Kckering, 201; Jones, 2'18; Loomis, 
1-81. 

Nemst and Abegg point out that the observed sta- 
tionary temperature may not always give the true freezing 
point, at which liquid and solid can exist together in equili- 
brium. A mass of a partly frozen liquid, uninfluenced by 
its surroundings, will tend to assume the temperature of 
the true freezing point. But a limited voliime of liquid, 
radiating to an outer enclosure, tends to reach a "con- 
vergence " temperature, which depends on the amount of 
heat evolved by stirring and on the temperature of the 
enclosure; and, unless this convergence temperature 
coincides with the freezing point, or unless the rate of 
approach to the freezing point is very great compared 

1 ZeiU.fUrphysikal Chemie, 1894, 16. 7, 681. 
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with the rate of approach to the convergence temperature, 
the thermometer will not shew the true freezing point. 

The necessary corrections can be experimentally de- 
termined; and Nemst and Abegg obtained good agreement 
between the results of experiments performed under 
conditions so diflferent, that the uncorrected numbers for 
the molecular depression of the freezing point of a one 
per cent, solution of sugar varied from 1*6 to 2*1. Their 
mean corrected value is about 1*86 — a number which 
agrees exactly with that calculated from the melting 
point and heat of fusion of ice (p. 56). 
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The comparison of the numerical results of electrolytic 
observations is rendered difficult from the fact that the data are 
scattered in various periodicals and expressed by different 
observers in units that are not comparable without considerable 
labour. The following table has been compiled with the object 
of facilitating the comparison. 

In the table are included all the observations, as far as they 
are known to the compiler, for the metallic salts and mineral 
acids; but amongst the solutions of organic substances are not 
given all those for which Ostwald has made observations, as it 
was thought that they would add unnecessarily to the size of the 
table. Observations for a number of additional substances will 
be found in Ostwald's papers in the Jowtrual fiir Chemie^ vols. 
xxxi., xxxii., and xxxiii., and in the Zeitschrift fur physi- 
kaUsche Ghemiey vol. i. With this restriction it is hoped that 
no important observations have been omitted, and that, in the 
reduction of results, expressed in such varied units, the table 
is sufficiently free from mistakes for it to be of service. The 
data included refer to the strength and specific gravity of 
solutions, with the corresponding conductivities, migration con- 
stants, and fluidities. The several columns are as follows : — 
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I. Percentage composition, Le, the number of parts hj 
weight of the salt (as represented by the chemical formula) in 
100 parts of the solution. 

II. The number of gramme molecules per litre, i,e, the 
number of grammes of the salt per litre divided by the chemical 
equivalent in grammes, as given for each salt. 

III. The specific gravities of the solutions : in most cases 
the specific gravities of the solutions are not given by the 
observers, and the numbers given have been deduced from 
Gerlach's tables in the Zeitschrift fikr analytische Chevnie^ vol. 
viii p. 243, <kc. 

lY. The temperatures at which the solutions have the 
specific gravities given in the previous column for the given 
strength of solution. 

Y. The conductivity, as expressed by the observer. In the 
cases in which the observer has expressed his results for specific 
molecular conductivity no numbers are given in this column. 

YI. The temperature at which the conductivities of the 
solutions have been determined. 

YII. The temperature coefficient referred to the conductivity 

YIII. The specific molecular conductivity of the solutions 
at 18° in terms of the conductivity of mercury at 0* ; the specific 
molecular conductivity is the conductivity of a column of the 
liquid 1 centimetre long and 1 square centimetre in section, 
divided by the number of gramme equivalents per litre. 

In some few cases, in which no temperature coefficients have 
been determined, the results have been given for the temperature 
at which the observations were made. 

The numbers given in. the column are the values for the 
specific molecular conductivity x 10*. 
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IX. This column contains the values for specific molecular 
conductivity at 18° in c.g.s. units: they are obtained from 
those in the previous column by being multiplied by the value 
of the conductivity of mercury at 0° in CG.s. units. This factor 
is 1-063 xlO-». 

X. The migration constant for the anion ; for instance, in 
the case of copper sulphate (CUSO4), for (SO4). 

XI. The temperatures at which the migration constants 
have been determined. 

XII. The number of gramme molecules per litre, as defined 
for column II., for which the fluidity data are given in the 
following columns. 

XIII. The fluidity of the solutions of the strength given in 
the previous column. 

Most of the results given for the fluidity of solutions are 
expressed in terms of the fluidity of water at the same tem- 
perature: to obtain the absolute values for the solutions they 
have been multiplied by the value for the fluidity of water at 
the given temperature. The values used for this purpose have 
been taken from Sprung's observations for the viscosity of water 
given in Poggendorff^a AnncUen, vol. clix. p. 1. 

To obtain the values for fluidity in co.s. units, the numbers 
in this column must be multiplied by the factor '1019. 

XrV. The temperature at which the solutions have the 
fluidity given in the previous column. 

XV. The temperature coeificient of fluidity at 18*, that is, 

XVI. In the last column are given the references to the 
various papers from which the data are taken: against each 
reference will be found a number, which appears also against the 
first of the data which have been taken from the paper in 
question. 
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